Novel Magnetic Nanostructures for Enhanced Magnetic Hyperthermia Cancer Therapy by Nemati Porshokouh, Zohreh
University of South Florida
Scholar Commons
Graduate Theses and Dissertations Graduate School
11-15-2016
Novel Magnetic Nanostructures for Enhanced
Magnetic Hyperthermia Cancer Therapy
Zohreh Nemati Porshokouh
University of South Florida, zohrehnemati@mail.usf.edu
Follow this and additional works at: http://scholarcommons.usf.edu/etd
Part of the Nanoscience and Nanotechnology Commons, and the Physics Commons
This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in
Graduate Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact
scholarcommons@usf.edu.
Scholar Commons Citation
Nemati Porshokouh, Zohreh, "Novel Magnetic Nanostructures for Enhanced Magnetic Hyperthermia Cancer Therapy" (2016).
Graduate Theses and Dissertations.
http://scholarcommons.usf.edu/etd/6548
  
 
 
Novel Magnetic Nanostructures for Enhanced Magnetic Hyperthermia Cancer Therapy 
 
 
 
by 
 
 
 
Zohreh Nemati Porshokouh 
 
 
 
 
A dissertation submitted in partial fulfillment  
of the requirements for the degree of   
Doctor of Philosophy  
Department of Physics 
 College of Arts and Sciences                                                                                                          
University of South Florida 
 
 
 
   Co-Major Professor: Hariharan Srikanth, Ph.D. 
 Co-Major Professor: Manh-Huong Phan, Ph.D. 
George Nolas, Ph.D. 
Garret Matthews, Ph.D. 
Gerald Woods, Ph.D.                                                                                                                           
 
 
Date of Approval:                                                                                                                                   
October 21, 2016 
 
 
 
Keywords: Magnetic Nanoparticles, Magnetic Hyperthermia, Chemical Synthesis,  
 
Copyright © 2016, Zohreh Nemati Porshokouh 
 
                                                   
  
DEDICATION 
This dissertation is dedicated to my parents Hassan Nemati Porshokouh and Fatemeh 
Abbasi Porshokouh who support me in every step of my life. And to my husband Dr. Javier 
Alonso Masa who is not just my husband, but my best friend, and best mentor. His love and 
support give me the courage to continue research and never give up. 
 
 
 
  
  
ACKNOWLEDGMENT 
  I would like to thank my advisors Dr. Hariharan Srikanth and Dr. Mahn Huong Phan 
for all their help and support. They guided me patiently during the past three and a half years, 
and helped me to become an independent researcher. Dr. Srikanth and Dr. Phan are not only 
the advisors and leaders of Functional Material group, but also reliable friends who try to 
help each one of us through challenges.   
 I would also like to thank Dr. Dale Johnson, Daisy Matos, and Dr. Denis Karaiskaj who 
helped me a lot when I was trying to join USF. I was in Iran and they did not even know me, 
but they were kind enough to help a stranger. If it was not for their support, I probably could 
not have joined USF in the first place because of all the difficulties that Iranian students have 
to go through when trying to come to the USA. 
 Furthermore, I am very grateful for having Dr. Gerald Woods as my supervisor for TA 
duties. I will always remember the first time I started to teach. He personally trained me on 
how to teach and control the class and how to setup the equipment in the lab. His help during 
the first months after I joined USF is invaluable.  
 Dr. Hafsa Khurshid and Dr. Javier Alonso Masa who were postdocs at Functional 
Materials lab were like a gift from Heaven for me! They have shared their knowledge with 
no expectation and helped me to learn everything very quickly. I will always be indebted to 
them and always remember their patience, help, and support.  
 I would like to express my gratitude to our collaborators Eneko Garaio and José Ángel 
García in Spain for their help with the AC magnetometry hyperthermia measurements. 
 I also would like to thank all my friends and colleagues in Functional Materials group 
and USF. Thank you for being there for me in my rainy days! I would like to express my 
gratitude to Jared and Cindy Jenkins who have been like my American family all these years 
and they have always tried to help me no matter the circumstances. 
 In the end, I would also like to acknowledge financial support from USF, Fred L. & Helen 
M. Tharp Endowed Scholarship Fund Graduate Award, Department of Energy DOE # DE-
FG02-07ER46438, and Bizkaia Talent from Basque Country, Spain. 
 
 
 
 
 
i 
 
 
 
 
TABLE OF CONTENTS 
 
 
LIST OF TABLES iv 
LIST OF FIGURES vi 
ABSTRACT xi 
1. INTRODUCTION AND MOTIVATION 1 
  1.1 Overview 1 
  1.2 Objectives 8 
  1.3 Outline of Dissertation 9 
  1.4 References 12 
2. FUNDAMENTALS ASPECTS OF MAGNETIC NANOPARTICLES AND MAGNETIC 
HYPERTHERMIA 17 
  2.1 Magnetism 17 
  2.2 Magnetic Materials 19 
           2.2.1 Diamagnetism 19 
           2.2.2 Paramagnetism 20 
           2.2.3 Ferromagnetism 20 
           2.2.4 Antiferromagnetism 22 
           2.2.5 Ferrimagnetism 22 
  2.3 Magnetic Nanoparticles 23 
  2.4 Magnetic Anisotropy 25 
           2.4.1 Magnetocrystalline Anisotropy 29 
           2.4.2 Shape Anisotropy 29 
           2.4.3 Surface Anisotropy 30 
           2.4.4 Exchange Anisotropy 31 
  2.5 Magnetic Interactions between Nanoparticles 33 
           2.5.1 Magnetic Dipole Interactions 33 
           2.5.2 Exchange Interactions 34 
  2.6 Magnetic Hyperthermia 35 
           2.6.1 Calorimetric Method 38 
           2.6.2 AC Magnetometry Method 39 
  2.7 References 40 
3. EXPERIMENTAL METHODS 42 
ii 
 
  3.1 X-Ray Diffractometry 42 
  3.2 Transmission Electron Microscopy 44 
  3.3 Physical Property Measurement System 46 
            3.3.1 DC Magnetometry 47 
            3.3.2 AC Susceptibility 51 
            3.3.3 Transverse Susceptibility 56 
  3.4 Magnetic Hyperthermia 59 
  3.5 Error Analysis 61 
  3.6 References 63 
4. SYNTHESIS 65 
  4.1 Introduction 65 
  4.2 Thermal Decomposition 67 
            4.2.1 Synthesis of core/shell Fe/γ-Fe2O3 and hollow γ-Fe2O3 nanoparticles 67 
            4.2.2 Synthesis of spherical, cubic, and octopod iron oxide nanoparticles 71 
  4.3 Hydrothermal Method 76 
  4.4 Electrochemical Deposition 78 
  4.5 References 79 
5. CORE/SHELL Fe/γ-Fe2O3 AND HOLLOW γ-Fe2O3 NANOPARTICLES 81 
  5.1 Introduction 81 
  5.2 Structural Characterization 83 
  5.3 Magnetic Characterization 86 
  5.4 Magnetic Hyperthermia 88 
  5.5 Summary 90 
  5.6 References 91 
6. SPHERICAL AND CUBIC EXCHANGE COUPLED FeO/Fe3O4 NANOPARTICLES 93 
  6.1 Introduction 93 
  6.2 Structural Characterization 95 
  6.3 Magnetic Characterization 96 
  6.4 Magnetic Hyperthermia 100 
  6.5 Summary 101 
  6.6 References 102 
7. SHAPE AND SIZE EFFECTS ON THE HEATING EFFICIENCY OF Fe3O4 
NANOPARTICLES 103 
  7.1 Introduction 103 
  7.2 Structural Characterization 105 
  7.3 Magnetic Characterization 107 
  7.4 Magnetic Hyperthermia 110 
  7.5 Summary 119 
  7.6 References 119 
8. HIGH ASPECT RATIO NANOSTRUCTURES 122 
  8.1 Introduction 122 
iii 
 
  8.2 FeCo Nanowires 123 
            8.2.1 Structural Characterization 124 
            8.2.2 Magnetic Characterization 125 
            8.2.3 Magnetic Hyperthermia 126 
  8.3 Fe3O4 Nanorods 130 
            8.3.1 Structural Characterization 131 
            8.3.2 Magnetic Characterization 133 
            8.3.3 Magnetic Hyperthermia 135 
  8.4 Summary 142 
  8.5 References 143 
9. CONCLUSIONS AND OUTLOOK 145 
  9.1 Summary 145 
  9.2 Future Research 147 
APPENDICES 150 
  Appendix A: Fundamental study on Core/shell and core/void/shell Fe/γ-  
Fe2O3, and hollow γ-Fe2O3 nanoparticles (Exchange Bias effect) 150 
            A.1 Introduction 150 
            A.2 Structural Characterization 153 
            A.3 Magnetic Characterization 155 
            A.4 Summary 181 
            A.5 References 182 
  Appendix B: List of Publications 185 
  Appendix C: List of Conference Presentations 188 
            C.1 Oral Presentations 188 
            C.2 Poster Presentations 188 
  Appendix D: Copyright Permissions 190 
 
 
  
iv 
 
 
 
 
LIST OF TABLES 
 
Table 4.1  Comparison of the synthetic methods (reproduced from Ref. 2) 66 
Table 4.2  Control on the size of the core/shell nanoparticles by tuning the injection 
temperature and the amount of oleylamine. 69 
Table 4.3  Control on the shape of the nanoparticles by changing the reflux time. 74 
Table 4.4  Control on the size of nanoparticles by increasing the nucleation time. 75 
Table 4.5  Dependence of the size of the nanoparticles on the amount of precursor. 76 
Table 4.6  Dependence of the aspect ratio of the nanorods on the amount of 
Hexadecylamine. 77 
Table 5.1  Core size, shell thickness, and total diameter as obtained from the TEM 
images for the different samples. 85 
Table 6.1  Magnetization, coercivity and normalized remanence at 300 K and 50 K, 
for cubes and spheres. 98 
Table 7.1  Average size and magnetic properties of the nano-octopods. 108 
Table 8.1  Length, width, and aspect ratio of the nanorods. 132 
Table A.1  Nanoparticle diameter, core diameter and shell thickness, as determined 
by TEM for the two batches of samples analyzed. 155 
Table A.2  ZFC peak position, average blocking temperature, effective anisotropy 
and Curie temperature as determined from the ZFC/FC curves for the 12 
nm nanoparticles. 158 
Table A.3  Coercivity, Hc, and normalized remanence, Mr/Ms, at 5K; and estimated 
average size, D, and size distribution, σ, SPM and PM contributions, as 
obtained from the fittings of the hysteresis loops at 300K for the 12 nm 
nanoparticles. 164 
Table A.4  Analysis of the relaxation times for all three samples, on the basis of the 
Vogel-Fulcher and power law descriptions of the spin dynamics for the 
12 nm nanoparticles. 175 
v 
 
Table A.5  Analysis of the relaxation times for all three samples, on the basis of the 
Vogel-Fulcher and power law descriptions of the spin dynamics for the 8 
nm core/shell and hollow nanoparticles. 180 
  
vi 
 
 
 
 
LIST OF FIGURES 
 
Figure 1.1  Schematic illustration of the different parameters that control the 
heating efficiency of the nanoparticles for magnetic hyperthermia. 4 
Figure 2.1  Typical magnetic loops for diamagnetic, paramagnetic, superparamagnetic, 
ferromagnetic, ferrimagnetic, and antiferromagnetic materials. 20 
Figure 2.2  Magnetic moments configuration in (a) Ferromagnetic, (b) 
Antiferromagnetic, and (c) Ferrimagnetic materials. 22 
Figure 2.3  Evolution of the coercivity as a function of the particle size. 25 
Figure 2.4  Illustration of the variables used in the Stoner–Wohlfarth model (Eq. 2.3) 
for nanoparticles. 27 
Figure 2.5  (a) Apparent surface charge distribution originated in a magnetic 
particle when magnetized, and (b) the demagnetizing field generated in 
opposition to this magnetization. 30 
Figure 2.6  FC (continuous line) and ZFC (dashed curve) hysteresis loops of Co/CoO 
nanoparticles measured at 77 K. 32 
Figure 2.7  AC hysteresis loop measured for a system of magnetic nanoparticles 
under an AC magnetic field. 36 
Figure 2.8  Schematic representation of the (a) Brownian, and (b) Néel relaxation 
mechanisms with their corresponding relaxation times. 37 
Figure 2.9  Typical heating curves obtained for magnetic nanoparticles during a 
Magnetic Hyperthermia experiment. 39 
Figure 3.1  Brüker AXS D8 X-ray diffractometer. 43 
Figure 3.2  FEI Morgagni Transmission Electron Microscope with a 16.7 MPixel 
bottom mount camera. 46 
Figure 3.3  Model 6000 Quantum Design Physical Property Measurement System 
(PPMS). 47 
Figure 3.4  Schematic of a vibrating sample magnetometer, displaying the top motor 
part and the bottom sample holder. 49 
vii 
 
Figure 3.5  Typical (a) magnetic moment vs. temperature (MT), and (b) room 
temperature magnetic moment vs magnetic field (MH) curves. 50 
Figure 3.6  AC susceptibility components (a) χ’, and (b) χ” vs temperature, measured 
at 10, 100, 500, 1000, 5000, and 10000 Hz. 54 
Figure 3.7  Schematic of the Transverse Susceptibility system: (a) LC circuit with a 
resonating inductor inside which the sample is placed, (b) the sample 
holder with the self-resonant tunnel-diode oscillator (TDO). 57 
Figure 3.8  Bipolar Transverse Susceptibility scans taken at 300 and 50 K. 58 
Figure 3.9  4.2 kW Ambrell Easyheat Li3542 magnetic hyperthermia system 
available at the Functional Materials Laboratory. 60 
Figure 3.9  (a) Home-made AC magnetometry setup at University of Basque Country, 
and (b) schematic of pickup coils of AC magnetometer. 61 
Figure 3.11 SAR values obtained for spherical and cubic nanoparticles of the same 
volume measured at 310 kHz and H=400–800 Oe. 63 
Figure 4.1  (a) Schematic of the thermal decomposition synthesis setup (b) and 
diagram of the different reaction steps followed for the synthesis of 
core/shell nanoparticles. 68 
Figure 4.2  Schematic representation of the hollowing process in core/shell 
nanoparticles due to the Kirkendall effect. 70 
Figure 4.3  TEM images of the (a) core/shell, (b) core/void/shell, and (c) hollow 
nanoparticles. 70 
Figure 4.4  (a) TEM images of spherical, cubic, and octopod nanoparticles, and (b) a 
schematic of synthesis procedure. 72 
Figure 4.5  (a) XRD patterns and (b) M-H loops for 35nm nano-octopods, as-made 
and after annealing for 1h. 73 
Figure 4.6  (a) Schematic depiction of the autoclave used for hydrothermal synthesis 
and (b) typical TEM image of nanorods. 77 
Figure 4.7  (a) Schematic depiction of the electrochemical deposition setup and the 
extraction of the nanowires from the AAO membraned, and (b) typical 
SEM image of these nanowires. 79 
Figure 5.1  Transmission electron microscope (TEM) images for different sizes of 
the core/shell (C/S) and hollow (H) nanoparticles which are obtained 
after annealing the C/S nanoparticles. 84 
viii 
 
Figure 5.2  XRD data for the core/shell (14 nm-C/S) and hollow (18 nm-H) 
nanoparticles. 85 
Figure 5.3  Magnetization vs magnetic field (M-H) measurements at room 
temperature for the different sizes of core/shell and hollow 
nanoparticles. 87 
Figure 5.4  Heating curves obtained for the 8 nm and 14 nm core/shell Fe/γ-Fe2O3 
nanoparticles (2 mg/ml) in water, measured at different AC fields 200 ≤ 
H ≤ 800 Oe and frequency of 310 kHz. 89 
Figure 5.5  (a) SAR vs. magnetic field values for the core/shell nanoparticles at 
different times after their synthesis, until they are completely hollow, (b) 
SAR vs. magnetic field values for core/shell nanoparticles with sizes 8, 12 
and 14 nm, and comparison with solid nanoparticles of similar size (14 
nm). 90 
Figure 6.1  XRD data for the spheres and cubes used in this study, together with the 
fittings of the FeO and Fe3O4 phases. 95 
Figure 6.2  (a) ZFC-FC curves of the spheres and cubes measured at 50 Oe Hysteresis 
loops measured at (b) 50 and (c) 300K for both samples. 97 
Figure 6.3  Transverse susceptibility measurements for (a) nanospheres, and (b) 
nanocubes at 50 and 300K. 99 
Figure 6.4  (a) Heating curves for the spheres and cubes measured at 310 kHz and 
H=400–800 Oe, (b) SAR values obtained from the heating curves. 101 
Figure 7.1  TEM image of different sizes of nano-octopods (all the images are at the 
same scale). 106 
Figure 7.2  TEM image of (a) 25 nm spherical, and (b) 20 nm nano-octopod, (c) High-
resolution TEM of 26 nm nano-octopods, (d) XRD pattern for 26, 32, 35, 
and 47 nm nano-octopods. 106 
Figure 7.3  (a) DC measurement of M−H loop at room temperature; in the inset, the 
ZFC-FC curves measured at 50 Oe are represented, (b) SAR values for 26 
nm nano-octopods and 25 nm spherical nanoparticles; in the inset we 
compare the M−H loops at room temperature. 110 
Figure 7.4  (a−c) Heating curves for the 17, 35, and 47 nm samples obtained from 
calorimetric hyperthermia experiments, (d) SAR versus size curves for 
different fields (200−800 Oe), (e) SAR versus field curves measured for 
different sizes (17−47 nm) of nano-octopods. 113 
ix 
 
Figure 7.5  (a−c) AC measurements of M−H loop at room temperature with different 
values for maximum magnetic field for three different sizes of nano-
octopods, (d) SAR versus applied field, and (e) coercive field versus 
applied field evolution curves as obtained from the previous AC 
hysteresis loop areas. 115 
Figure 7.6  SAR versus field values for different sizes of nano-octopods both in water 
and in 2% agar. 118 
Figure 8.1  (a) Powder X-ray diffraction of the template-free FeCo nanowires on Si 
substrate. 124 
Figure 8.2  M-H curves as a function of (a) the length, and (b) the diameter of the 
FeCo nanowires inside the AAO templates and aligned parallel to the 
magnetic field. 126 
Figure 8.3  Magnetic hyperthermia measurements: (a) heating curves measured by 
calorimetric methods for the FeCo nanowires with different lengths and 
diameters, (b) The hysteresis loops measured using AC magnetometry; 
the inset of figure 8.3 (a) shows SAR as a function of the length, while the 
inset of figure 8.3(b) shows the SAR vs. H curves obtained from both 
methods. 127 
Figure 8.4  SAR values for (a) the 2 μm and (b) 40 μm FeCo nanowires, when 
dispersed in water, or in a 2%weight agar solution with different 
orientations. 129 
Figure 8.5  TEM images of Fe3O4 nanorods, (a) sample S1 with aspect ratio = 5.8, (b) 
HRTEM of sample S1, (c) sample S2 with aspect ratio = 11, and (d) sample 
S3 with aspect ratio = 5.6. Scale bar is 200 nm. 131 
Figure 8.6  XRD patterns for samples S1, S2, and S3. 133 
Figure 8.7  (a) ZFC M-T curves of samples S1, S2, and S3, in an applied field of 20 Oe. 
Inset shows the ZFC M−T curve of ~25 nm Fe3O4 spherical nanoparticles, 
(b) Room-temperature hysteresis loops of nanorod samples S1, S2, and 
S3, in comparison with that of ~25 nm Fe3O4 spherical nanoparticles. 134 
Figure 8.8 Sample S2 (1 mg/mL) in water with and without applied AC magnetic 
field. 136 
Figure 8.9  Heating curves for samples S1 and S2 (1 mg/mL) in water and agar 
(randomly oriented), measured at different ac fields 100 ≤ H ≤ 800 Oe 
and f = 310 kHz. 137 
x 
 
Figure 8.10 SAR vs magnetic field plots for samples S1 and S2, dispersed in (a) 1 
mg/mL and (b) 3 mg/mL of water, (c, d) SAR vs magnetic field plots for 
samples S1 and S2, dispersed in agar with different orientations. 139 
Figure 8.11 (a, b) Dynamic hysteresis loops for samples S1 and S2, respectively (c, d) 
SAR vs field curves as obtained from. 141 
Figure 8.12 (a) Heating curves for the Fe3O4 spheres, cubes, and nanorods of similar 
volume (1 mg/mL) in water measured at ac field of 800 Oe, (b) SAR vs 
field plot for the Fe3O4 spheres, cubes, and nanorods of roughly the same 
volume (∼2000 nm3). 142 
Figure A.1  Bright-field TEM images of the 12 nm Fe/γ-Fe2O3 (a) core/shell, (b) 
core/void/shell, and (c) hollow nanoparticles. 154 
Figure A.2  (a) Normalized ZFC M-T curves for the 12 nm core/shell, core/void/shell, 
and hollow nanoparticles, (b) ZFC and FC M-T curves for the core/shell 
and hollow (see inset) nanoparticles, together with the derivative curve 
that defines <TB>, (c) Inverse susceptibility curves with their 
corresponding Curie-Weiss fits at high temperatures, (d) The fit of the 
ZFC M-T curve for the core/shell nanoparticles using an expression 
based on the Stoner-Wohlfarth model. 156 
Figure A.3  (a) Normalized hysteresis M-H loops measured at 5 K under ZFC 
protocol, and at 300 K for the 12 nm (b) core/shell, (c) core/void/shell 
and (d) hollow nanoparticles, together with their fits to the Langevin 
(SPM) + paramagnetic (PM) function. 163 
Figure A.4  (a) Normalized hysteresis M-H loops measured at 5 K under FC protocol, 
and the temperature dependence of the (b) coercivity, (c) the horizontal 
shift or the EB field and the vertical shift, for the 12 nm core/shell, 
core/void/shell and hollow nanoparticles. 168 
Figure A.5  Temperature dependent AC susceptibilities of the 12 nm core/shell, 
core/void/shell and hollow nanoparticles. 171 
Figure A.6  Fits of τ vs T using the (a) Vogel-Fulcher and (b) critical slowing down 
(double-logarithmic plot) models for the 12 nm core/shell, 
core/void/shell and hollow nanoparticles. 173 
Figure A.7  (a) ZFC/FC M-T curves for the 8 nm core/shell and hollow nanoparticles, 
(b) Normalized hysteresis loop measured at 5 K, and (c, d) at 300 K 
together with the fits using the Langevin (SPM) + paramagnetic (PM) 
function. 176 
Figure A.8  (a) Temperature dependent AC susceptibility of the 8 nm hollow 
nanoparticles. 179  
xi 
 
 
 
 
 
ABSTRACT  
In this dissertation, I present the results of a systematic study on novel 
multifunctional nanostructure systems for magnetic hyperthermia applications. All the 
samples have been synthesized, structurally/magnetically characterized, and tested for 
magnetic hyperthermia treatment at the Functional Materials Laboratory of the University 
South Florida. This work includes studies on four different systems: (i) Core/shell Fe/γ-
Fe2O3 nanoparticles; (ii) Spherical and cubic exchange coupled FeO/Fe3O4 nanoparticles; 
(iii) Fe3O4 nano-octopods with different sizes; (iv) High aspect ratio FeCo nanowires and 
Fe3O4 nanorods. 
In particular, we demonstrated the enhancement of the heating efficiency of these 
nanostructures by creating monodisperse and highly crystalline nanoparticles, and tuning 
their magnetic properties, mainly their saturation magnetization (MS) and effective 
anisotropy, in controlled ways. In addition, we studied the influence of other parameters, 
such as the size and concentration of the nanoparticles, the magnitude of the applied AC 
magnetic field, or different media (agar vs. water), on the final heating efficiency of these 
nanoparticles.  
For the core/shell Fe/γ-Fe2O3 nanoparticles, a modest heating efficiency has been 
obtained, resulting mainly from the strong reduction in MS caused by the shrinkage of the 
core with time. However, for sizes above 14 nm, the shrinkage process is much slower and 
xii 
 
the obtained heating efficiency is better than the one exhibited by conventional solid 
nanoparticles of the same size.  
In the case of the exchange-coupled FeO/Fe3O4 nanoparticles, we successfully created 
two sets of comparable particles: spheres with 1.5 times larger MS than the cubes, and cubes 
with 1.5 times larger effective anisotropy than the spheres, while keeping the other 
parameters the same. Our results show that increasing the effective anisotropy of the 
nanoparticles gives rise to a greater heating efficiency than increasing their MS.  
The Fe3O4 nano-octopods, with enhanced surface anisotropy, present better heating 
efficiency than their spherical and cubic nanoparticles, especially in the high field region, and we 
have shown that by tuning their size and the effective anisotropy, we can optimize their heating 
response to the applied AC magnetic field. For magnetic fields, smaller than 300−400 Oe we found 
that the smallest nano-octopods give the best heating efficiency. Yet if we increase the AC field 
value, the bigger octopods show an increased heating efficiency and become more effective. 
Finally, the FeCo nanowires and Fe3O4 nanorods exhibit enhanced heating efficiency 
with increasing aspect ratio when aligned in the direction of the applied AC magnetic field, 
due to the combined effect of shape anisotropy and dipolar interactions. Of all the studied 
systems, these 1D high aspect ratio nanostructures have displayed the highest heating rates. 
All of these findings point toward an important fact that tuning the structural and 
magnetic parameters in general, and the effective anisotropy in particular, of the 
nanoparticles is a very promising approach for improving the heating efficiency of magnetic 
nanostructures for enhanced hyperthermia. 
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CHAPTER 1: INTRODUCTION AND MOTIVATION 
 
1.1 Overview 
Cancer has become one of the major public health concerns in our modern society. It 
is the second leading cause of death in the United States resulting in death of more than 
500,000 people every year.1, 2 Cancer is the name given to a collection of related diseases. In 
all types of cancer, some of the body’s cells begin to divide without stopping and spread into 
surrounding tissues. Cancer is not a new disease, and evidence of cancer cases has been 
found in ancient Egypt manuscripts and fossilized bones and mummies.2 Therefore, 
scientists have attempted to improve cancer treatment throughout history. Different 
methods of cancer treatment have been proposed, including cauterization, surgery, 
hyperthermia, chemotherapy, radiation therapy, etc.3  
Surgery has been one of the oldest methods of cancer treatment but like other 
aggressive procedures it can have some side effects such as severe pain, infection, reaction 
to anesthesia drugs, bleeding, blood clots, damage to surrounding tissues, damage to other 
organs, and slow recovery. Apart from all these side effects sometimes the tumors are not 
accessible or are located in a “risky” area inside the human body and; therefore, surgery is 
not a viable option. Also, in most cases the whole tumor cannot be removed just by surgery; 
therefore, other treatment methods such as chemotherapy and/or radiotherapy are 
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required along with surgery.4 Chemotherapy is based on the use of chemical drugs to kill the 
cancer cells throughout the whole body and in the areas that cancer has metastasized.5 In 
radiotherapy high-energy ionizing radiation is used to destroy the cancer cells.6 
Chemotherapy and radiation therapy are considered two of the most effective current 
treatment approaches for cancer. Unfortunately, their efficiency is relatively low: for 
example, the best results from chemotherapy are treating testicular cancer where it is 41.8% 
effective.7 In addition, both therapies present several side effects  including: moderate to 
severe fatigue, skin irritation, fever/chills, sore mouth (sometimes the patient ca not eat), 
nausea, vomiting, diarrhea, headaches, hearing problems, and seizures.8 In addition, both 
techniques have been reported to cause long-term side effects, such as fertility problems, 
lung damage, heart or nerve damage, high blood pressure, and endocrine system problems.9 
  It is clear that  current methods for cancer treatment are not as efficient as desired 
and unfortunately, can cause a lot of collateral damage to the human body and seriously 
affect the patient’s health.10, 11 Therefore, a search for less invasive and more effective 
treatments continues and becomes ever increasingly important. One of the most promising 
new approaches for cancer treatment is magnetic nanoparticles (MNPs) mediated 
hyperthermia. By using MNPs in an external AC magnetic field, this method allows one to 
target a specific tumor location and deliver toxic doses of heat only to the tumor area.12, 13, 14 
Magnetic nanoparticles can be directly injected or guided to the tumor region by using 
an external magnetic field and/or by developing an adequate surface functionalization.15 By 
reaching temperatures around 40-45°C in the tumor area, the cancer cells can be 
“deactivated” (dead or driven to apoptosis) without affecting the healthy ones.12, 13, 14 
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The use of magnetic particles as hyperthermia mediators was first proposed in the 
1950s.16 However, the first phase I clinical trials were performed in the early 2000s on 
patients having prostate carcinoma,17 showing that hyperthermia using magnetic 
nanoparticles was feasible, with the deposited nanoparticles being stable for several weeks. 
Magnetic hyperthermia treatment combined with radiotherapy then proceeded towards a 
phase II clinical trial18 and it is authorized for cancer treatment since 2011. Current clinical 
trials carried out by MagForce AG company in Germany have shown 7-8 month increase in 
the life expectancy of patients with Glioblastoma.19 Despite the remarkable progress attained 
during the last few years, the number of clinical trials is still very limited.20  One of the main 
limitations lies in the relatively small heating ability or the low specific absorption rate (SAR) 
of the currently used nanoparticles. Hergt et al.21 have pointed out that in order to improve 
the current hyperthermia treatments and avoid using risky high concentrations of the 
nanoparticles, their SAR values must be greatly enhanced. 
The heating efficiency of the nanoparticles (also called, specific absorption rate or 
SAR) is directly proportional to the hysteresis losses or hysteresis loop area. Magnetic 
nanoparticles display a magnetic hysteresis when subjected to a magnetic field that 
alternates direction. The area enclosed in this AC hysteresis loop represents the hysteresis 
losses or thermal energy dissipated to the enviroment.22 By increasing the area of the AC 
hysteresis loops, we can enhance the heating efficiency of the nanoparticles. As schematized 
in Figure 1.1, the area of the hysteresis loop depends non-trivially on:  
1. the properties of the MNPs, including their coercivity, HC, effective magnetic 
anisotropy, K, saturations magnetization MS, and volume V. 
4 
 
2. the clinical settings, basically the frequency of the AC magnetic field f and its 
amplitude Hmax. 
 3. the concentration of the nanoparticles. 
 
 
Figure 1.1: Schematic illustration of the different parameters that control the heating efficiency of the 
nanoparticles for magnetic hyperthermia. (Adapted with permission from: A Single Picture Explains 
Diversity of Hyperthermia Response of Magnetic Nanoparticles, Ivan Conde-Leboran, Daniel Baldomir, 
Carlos Martinez-Boubeta, et al, The Journal of Physical Chemistry, Copyright 2015 American Chemical 
Society.) 
 
If we focus on the physical parameters, for a given size, V, of the MNPs, the hysteresis 
loop area is essentially proportional to the saturation magnetization, MS, (the height of the 
loop) and the coercive field, HC, (the width of the loop) of the MNPs; thus, the heating 
efficiency of MNPs can be in principle improved by increasing MS and/or HC. For biomedical 
applications, small superparamagnetic iron oxide nanoparticles (less than 20 nm), the so 
called SPIONs, have been preferred due to their low tendency to aggregation, increased 
lifetime, intrinsic biocompatibility, etc.23, 24 The problem with these SPIONs is that their 
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room-temperature saturation magnetization is relatively low (less than its bulk counterpart, 
MSFe3O4-bulk = 92 emu/g) if we compare it with other materials such as Fe (MSFe-bulk = 220 
emu/g) or Co (MSCo-bulk 166 emu/g). In addition, it has been consistently reported that as the 
size of iron oxide nanoparticles decreases, the saturation magnetization also tends to 
decrease; therefore, their heating efficiency gets negatively affected.25 For example, for 5 nm 
MNPs, MS can be as small as 32 emu/g26 because of the loss of long-range ferromagnetism 
and the increased surface spin disorder. As a result, only moderate values of SAR have been 
reported for these SPIONs.27, 28, 29  In addition, these SPIONs are generally magnetically soft 
materials, exhibiting very low or null coercivity at room temperature, which also limits, to 
some extent, the maximum hysteresis loop area attainable. 
In order to overcome these limitations and increase the heating efficiency of the 
MNPs, alternative solutions have been proposed in the past few years.30, 31, 32 Because high 
magnetic moment materials, such as Fe and Co, are not biocompatible, a surface coating with 
a biocompatible material is necessary. For instance, it has been proposed that SAR can be 
enhanced in iron/iron oxide core/shell nanoparticle systems in which the core is made of a 
high magnetic moment material (e.g., iron) while the shell is made of a biocompatible 
material (e.g., iron oxide).33 The problem is that the core/shell structure is unstable over 
time because of the diffusion of atoms between the core and the shell (due to the Kirkendall 
effect).34 As time goes by, the core becomes smaller while the thickness of the shell increases, 
resulting in a significant reduction in MS. Other coating options such as SiO2 and PEG have 
also been proposed, but it is still an unmet challenge to optimize the surface coating of MNPs 
so that they possess not only high SAR but also high biocompatibility and stability.15, 35  
6 
 
Another less studied possibility to boost the SAR is by increasing the coercivity (Hc) 
of the hysteresis loop. In order to do so, one approach is to tune the effective anisotropy (Keff) 
of the nanoparticles, which is directly proportional to the coercive field (Hc ~ Keff).36 The 
effective anisotropy is related to the preferential orientation of the  magnetic moment of the 
MNPs in certain directions, and is the result of several different contributions, such as 
magnetocrystallinity, shape, surface, exchange, etc.37 Therefore, by “tweaking” one or several 
of these contributions, one can modify the effective anisotropy to increase the overall heating 
efficiency of the nanoparticles.  
For example, exchange anisotropy can be tuned by preparing exchange coupled 
nanoparticles. Lee et al.38 have taken advantage of the exchange coupling between a 
magnetically hard core and magnetically soft shell to tune the magnetic properties of the 
nanoparticle and maximize the specific absorption rate. Optimized CoFe2O4/MnFe2O4 
core/shell magnetic nanoparticles have SAR values that are an order of magnitude larger 
than conventional iron-oxide nanoparticles (up to 3000 W/g for MnFe2O4@CoFe2O4 MNPs 
measured at 450 Oe and 500 kHz). Recently, we have demonstrated that exchange coupled 
FeO/Fe3O4 nanoparticles having larger anisotropy field, HA, and smaller MS possess a larger 
SAR as compared to those with smaller HA and larger MS.39 However, the precise control of 
the ratio of the two phases in these nanoparticles for optimized heating efficiency has 
remained a challenging task. 
Another interesting approach is to modify the shape anisotropy of MNPs by changing 
their morphology. For instance, iron nanocubes display some of the highest specific losses 
reported in the literature: SAR about 3000 W/g at H=730 Oe and f=274 kHz.40 In addition, 
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Boubeta et al.30 have reported an additional improvement in the SAR of cube-shaped iron 
oxide nanoparticles when they form self-assembled chains in comparison to their isolated 
counterparts. In a recent article, we have shown that modifying the shape of the cubes even 
more and obtaining deformed cubes, one can increase the shape anisotropy and obtain 
better heating results.41 
As mentioned before, another parameter that can be tuned to enhance the heating 
efficiency of the MNPs is their size. According to the linear response theory of Rosensweig 
(Neel and Brownian relaxation), the SAR of the MNPs is supposed to exhibit a maximum as a 
function of size, defining an optimum size for enhanced hyperthermia.42 The position of this 
maximum depends on the saturation magnetization and anisotropy values, and also on the 
amplitude and frequency of the applied field. However, the region of validity of the 
Rosensweig model is limited to small sizes and low fields. Recent simulations and numerical 
studies considering nonlinear hysteresis losses have predicted a more complicated evolution 
of the SAR versus size.22, 43, 44 Some experimental studies have also been performed to 
analyze how the SAR evolves with the size, including the works of Mehdaoui et al.,40 
Gonzales-Weismuller et al.,29 Bakoglidis et al.,27 Ma et al.,28 Lartigue et al.,45 Motoyama et al.,46 
Goya et al.,47 Guardia et al.,48 Jeun et al.,49 and Lévy et al.50 However, a full understanding of 
the SAR vs. size evolution has not yet been reached due to the deviation in the reported 
results, arising mainly from the inherent difficulties in synthesizing monodisperse 
nanoparticles in a wide range of sizes using conventional synthesis methods.51 As the size of 
the MNPs changes, their morphology, size distribution, crystallinity, saturation 
magnetization, etc., will also tend to change, hindering the possibility of obtaining reliable 
experimental data that can be compared to the numerous theoretical predictions. 
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Finally, a different approach to enhance the heating efficiency of the nanoparticles 
consists on leaving behind the concept of zero-dimensional (0D) nanoparticles and focusing 
on one-dimensional (1D) nanostructures with high aspect ratio. 52, 53 The 1D magnetic 
nanostructures have drawn considerable attention due to their high surface to volume ratio, 
which greatly influences physical and chemical properties. Recently it has been 
demonstrated that anisotropic nanostructures offer enhanced blood circulation time and 
prolonged retention in the tumor site when compared to spherical nanostructures.54 
Concerning the hyperthermia treatment,  Lin et al.55 have shown that Fe nanowires present 
an order of magnitude improvement in the SAR in comparison with Fe spherical 
nanoparticles.55 (up to 920.8 W/g for 60 nm width/2−6 μm length Fe nanowires). Large 
values of the SAR have recently been reported in FeCo nanowires as well (up to 1500 W/g 
for 300 nm width/40 μm length FeCo nanowires at 800 Oe and 310 kHz).56 In both cases, 
however, the length of the nanowires is too large to be of practical use in biomedical 
applications.57.  
 
1.2 Objectives 
In order to improve the heating efficiency of the nanoparticles, in this work we have 
synthesized novel magnetic nanostructures, with tunable structural and magnetic 
properties. The objectives of this research are as following: 
i.  Synthesize high quality monodisperse magnetic nanostructures with a high 
crystallinity and a narrow size distribution. 
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ii. Thoroughly characterize the physical characteristics and magnetic response of 
the nanoparticles.  
iii. Optimize the heating efficiency of the nanoparticles by modifying their physical 
properties (morphology, size, etc.), the externally applied AC field and the 
concentration of nanoparticles. 
iv. Obtain a deeper understanding of how the effective anisotropy affects the 
heating efficiency of nanostructures and tuning the effective anisotropy 
accordingly. 
In all the cases, we have used a combination of structural, magnetic, and inductive 
heating measurements to attain a good description and understanding of relevant properties 
of these MNPs for biomedical applications in general and magnetic hyperthermia, in 
particular. All the results pinpoint the importance of controlling the magnetic properties of 
the MNPs, especially their effective anisotropy, in order to optimize their heating efficiency, 
and this study paves the way for development of novel magnetic nanostructures for 
enhanced hyperthermia.    
 
1.3 Outline of Dissertation 
Considering the objectives described in the previous section, and to provide a 
comprehensive analysis of the magnetic hyperthermia effect in anisotropic magnetic 
nanostructures, the dissertation is organized as follows: 
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Chapter 1 presents an overview of the proposed research, the objectives and 
organization of the dissertation work. 
In chapter 2 the fundamental aspects of magnetic nanoparticles and magnetic 
hyperthermia have been discussed. First, different types of magnetic materials and their 
magnetic properties have been described, and the evolution of these magnetic properties 
when the size of the magnetic materials is reduced to the nanoscale has been presented. In 
addition, magnetic hyperthermia theory has been explained and the different methods 
employed in this dissertation to evaluate the heating efficiency of the nanoparticles 
(calorimetric method and AC hyperthermia) have been described. 
Chapter 3 gives a brief explanation about the experimental methods and the 
equipment which have been used including: X-Ray Diffractometry, Transmission Electron 
Microscopy, Physical Property Measurement System (PPMS), and Magnetic Hyperthermia. 
Chapter 4 describes different synthesis methods which have been used in this work. 
Basically, three methods have been employed to prepare the nanostructures: thermal 
decomposition, hydrothermal method, and electrodeposition. The advantages and 
disadvantages of each method have been explained and the control on the reaction 
parameters to obtain different kinds of nanostructures has been studied. 
In Chapter 5, core/shell Fe/γ-Fe2O3, composed of a core of increased MS, have been 
studied for an improved magnetic hyperthermia treatment and their morphology, structure, 
and magnetic properties have been characterized. We have observed that the heating 
efficiency of 14 nm core/shell nanoparticles is better than the one obtained in conventional 
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solid iron oxide nanoparticles of the same size but unfortunately, it decays with time because 
of the Kirkendall effect that tends to make them hollow. 
Because of this limitation in the heating efficiency of core/shell nanoparticles we have 
developed another approach, in Chapter 6, for improving the heating efficiency of the 
nanoparticles. Spherical and cubic exchange coupled FeO/Fe3O4 nanoparticles of 20 nm, with 
increased saturation magnetization and effective anisotropy, respectively, have been 
synthesized and structurally and magnetically characterized. The saturation magnetization 
of the spherical nanoparticles is 1.5 times bigger than the cubes while the effective 
anisotropy of the cubes is 1.5 times bigger than the spheres. In this study, we found out that 
effective anisotropy has a higher impact on heating efficiency of the nanoparticles and the 
cubic nanoparticles heat better than their spherical counterparts. 
Considering these results, in Chapter 7 we have carried out a systematic study on the 
heating efficiency of anisotropic nanoparticles in the shape of deformed cubes or nano-
octopods. Octopod nanoparticles with different sizes from 17 nm to 47 nm have been 
synthesized using thermal decomposition. After the usual characterizations, the heating 
efficiency of the nanoparticles has been measured both with calorimetric and AC 
hyperthermia methods. We found a strong dependence of the heating efficiency of the 
nanoparticles on the ratio between the applied field and their effective anisotropy field: at 
lower magnetic fields (≤400 Oe) the heating efficiency of the 20 nm octopods (lower 
anisotropy) is greater, while for higher magnetic fields (>400 Oe) the heating efficiency 
increases with increasing size (and anisotropy) reaching values as high as 415 W/g. 
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In Chapter 8, we attempted to further optimize the heating efficiency of the 
nanoparticles by modifying their aspect ratio. This Chapter presents a thorough study on 
high aspect ratio nanostructures (FeCo nanowires and Fe3O4 nanorods). The nanowires and 
the nanorods were synthesized by electrodeposition and hydrothermal method, 
respectively. We have studied how the aspect ratio of the nanostructures can affect their 
effective anisotropy and; therefore, heating efficiency and we have observed a huge increase 
in their heating efficiency (up to 1500 W/g) by increasing their aspect ratio and reducing 
their concentration, whenever these nanostructures can align in the direction of the AC field. 
Chapter 9 summarizes the most important results of this dissertation and provides a 
future outlook for magnetic hyperthermia and possible studies on different nanostructures. 
 
1.4 References 
1. Cancer Facts and Statistics 2015 | Research | American Cancer Society. Available at: 
http://www.cancer.org/research/cancerfactsstatistics/cancerfactsfigures2015/. 
(Accessed: 1st February 2016) 
2. Early history of cancer | American Cancer Society. Available at: 
http://www.cancer.org/cancer/cancerbasics/thehistoryofcancer/the-history-of-
cancer-what-is-cancer#.  
3. Types of Cancer Treatment | American Cancer Society. Available at: 
http://www.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/treat
ment-types-landing.  
4. Risks of Cancer Surgery. Available at: 
http://www.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/surge
ry/risks-of-cancer-surgery.  
5. How Is Chemotherapy Used to Treat Cancer? Available at: 
http://www.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/chem
otherapy/how-is-chemotherapy-used-to-treat-cancer.  
6. Radiation Therapy | American Cancer Society. Available at: 
http://www.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/radiat
13 
 
ion/index.  
7. Morgan, G., Ward, R. & Barton, M. The contribution of cytotoxic chemotherapy to 5-
year survival in adult malignancies. Clin. Oncol. (R. Coll. Radiol). 16, 549–60 (2004). 
8. External Radiation Side Effects Worksheet. 
9. ChemotherapySide Effects. Available at: 
http://www.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/chem
otherapy/chemotherapy-side-effects.  
10. Chen, Y., Jungsuwadee, P., Vore, M., Butterfield, D. A. & St Clair, D. K. Collateral damage 
in cancer chemotherapy: oxidative stress in nontargeted tissues. Mol. Interv. 7, 147–
56 (2007). 
11. Kumar, A. J. et al. Malignant gliomas: MR imaging spectrum of radiation therapy- and 
chemotherapy-induced necrosis of the brain after treatment. Radiology 217, 377–84 
(2000). 
12. Ortega, D. & Pankhurst, Q. A. Magnetic Hyperthermia. Cambridge, Royal Soc. Chem. 60–
88 (2013). 
13. Ivkov, R. Magnetic nanoparticle hyperthermia: A new frontier in biology and 
medicine? Int. J. Hyperthermia 703–705 (2013). 
14. Binns, C. ‘Magnetic nanoparticle hyperthermia treatment of tumors’ Nanostructured 
Materials for Magnetoelectronics. Springer Berlin Heidelb. 197–215 (2013). 
15. Gupta, A. K. & Gupta, M. Synthesis and surface engineering of iron oxide nanoparticles 
for biomedical applications. Biomaterials 26, 3995–4021 (2005). 
16. GILCHRIST, R. K. et al. Selective inductive heating of lymph nodes. Ann. Surg. 146, 596–
606 (1957). 
17. Johannsen, M. et al. Clinical hyperthermia of prostate cancer using magnetic 
nanoparticles: Presentation of a new interstitial technique. Int. J. Hyperth. 21, 637–647 
(2005). 
18. Maier-Hauff, K. et al. Efficacy and safety of intratumoral thermotherapy using 
magnetic iron-oxide nanoparticles combined with external beam radiotherapy on 
patients with recurrent glioblastoma multiforme. J. Neurooncol. 103, 317–24 (2011). 
19. MagForce AG – Home. Available at: http://www.magforce.de/home.html.  
20. Zhao, L.-Y. et al. Magnetic-mediated hyperthermia for cancer treatment: Research 
progress and clinical trials. Chinese Phys. B 22, 108104 (2013). 
21. Hergt, R., Dutz, S., Müller, R. & Zeisberger, M. Magnetic particle hyperthermia: 
nanoparticle magnetism and materials development for cancer therapy. J. Phys. 
Condens. Matter 18, S2919–S2934 (2006). 
22. Carrey, J., Mehdaoui, B. & Respaud, M. Simple models for dynamic hysteresis loop 
calculations of magnetic single-domain nanoparticles: Application to magnetic 
hyperthermia optimization. J. Appl. Phys. 109, (2011). 
14 
 
23. Neuberger, T., Schöpf, B., Hofmann, H., Hofmann, M. & von Rechenberg, B. 
Superparamagnetic nanoparticles for biomedical applications: Possibilities and 
limitations of a new drug delivery system. J. Magn. Magn. Mater. 293, 483–496 (2005). 
24. Mahmoudi, M., Sant, S., Wang, B., Laurent, S. & Sen, T. Superparamagnetic iron oxide 
nanoparticles (SPIONs): development, surface modification and applications in 
chemotherapy. Adv. Drug Deliv. Rev. 63, 24–46 
25. Goya, G. F., Berquo, T. S., Fonseca, F. C. & Morales, M. P. No Title. J. Appl. Phys. 94, 3520–
3528 (2003). 
26. Goya, G. F. et al. Magnetic Hyperthermia with Fe3O4 nanoparticles: the Influence of 
Particle Size on Energy Absorption. (2013). doi:10.1109/TMAG.2008.2003508 
27. Bakoglidis, K. D., Simeonidis, K., Sakellari, D., Stefanou, G. & Angelakeris, M. Size-
Dependent Mechanisms in AC Magnetic Hyperthermia Response of Iron-Oxide 
Nanoparticles. IEEE Trans. Magn. 48, 1320–1323 (2012). 
28. Ma, M. et al. Size dependence of specific power absorption of Fe3O4 particles in AC 
magnetic field. J. Magn. Magn. Mater. 268, 33–39 (2004). 
29. Gonzales-Weimuller, M., Zeisberger, M. & Krishnan, K. M. Size-dependant heating rates 
of iron oxide nanoparticles for magnetic fluid hyperthermia. J. Magn. Magn. Mater. 
321, 1947–1950 (2009). 
30. Martinez-Boubeta, C. Simeonidis, K. et al. Learning from Nature to Improve the Heat 
Generation of Iron-Oxide Nanoparticles for Magnetic Hyperthermia Applications. Sci. 
Rep. 3, 1652 (2012). 
31. Ito, A. et al. Magnetite nanoparticle-loaded anti-HER2 immunoliposomes for 
combination of antibody therapy with hyperthermia. Cancer Lett. 212, 167–75 (2004). 
32. Khandhar, A. P., Ferguson, R. M. & Krishnan, K. M. Monodispersed magnetite 
nanoparticles optimized for magnetic fluid hyperthermia: Implications in biological 
systems. J. Appl. Phys. 109, 07B310 (2011). 
33. Habib, A. H., Ondeck, C. L., Chaudhary, P., Bockstaller, M. R. & McHenry, M. E. Evaluation 
of iron-cobalt/ferrite core-shell nanoparticles for cancer thermotherapy. J. Appl. 
Phys.Appl. Phys. 103, 07A307 (2008). 
34. Smigelskas, A. D. & Kirkendall, E. O. Zinc Diffusion in Alpha Brass. Trans. AIME 171, 
130–142 (1947). 
35. Hao, R. et al. Synthesis, functionalization, and biomedical applications of 
multifunctional magnetic nanoparticles. Adv. Mater. 22, 2729–42 (2010). 
36. Stoner, E. C. & Wohlfarth, E. P. A Mechanism of Magnetic Hysteresis in Heterogeneous 
Alloys. Philos. Trans. R. Soc. London Ser. A 240, 599–642 (1948). 
37. Cullity, B. D. & Graham, C. D. Introduction to magnetic materials. Mater. Today 12, 45 
(2009). 
38. Lee, J. H. et al. Exchange-coupled magnetic nanoparticles for efficient heat induction. 
Nat. Nanotechnol. 6, 418–422 (2011). 
15 
 
39. Khurshid, H. et al. Anisotropy effects in magnetic hyperthermia: A comparison 
between spherical and cubic exchange-coupled FeO/Fe3O4 nanoparticles. J. Appl. Phys. 
117, 17A337 (2015). 
40. Mehdaoui, B. et al. Optimal Size of Nanoparticles for Magnetic Hyperthermia: A 
Combined Theoretical and Experimental Study. Adv. Funct. Mater. 21, 4573–4581 
(2011). 
41. Nemati Porshokouh, Z. et al. Enhanced magnetic hyperthermia in iron oxide nano-
octopods: Size and anisotropy effects. J. Phys. Chem. C 120, acs.jpcc.6b01426 (2016). 
42. Rosensweig, R. E. Heating magnetic fluid with alternating magnetic field. J. Magn. 
Magn. Mater. 252, 370–374 (2002). 
43. Hergt, R., Dutz, S. & Zeisberger, M. Validity limits of the Néel relaxation model of 
magnetic nanoparticles for hyperthermia. Nanotechnology 21, 15706 (2010). 
44. Ruta, S., R., C. & Hovorka, O. Unified model of hyperthermia via hysteresis heating in 
systems of interacting magnetic nanoparticles. Sci. Rep. 5, 90901–7 (2015). 
45. Lartigue, L. et al. Water-Dispersible Sugar-Coated Iron Oxide Nanoparticles. An 
Evaluation of their Relaxometric and Magnetic Hyperthermia Properties. J. Am. Chem. 
Soc. 133, 10459–10472 (2011). 
46. Motoyama, J. et al. Size dependent heat generation of magnetite nanoparticles under 
AC magnetic field for cancer therapy. Biomagn. Res. Technol. 6, 4 (2008). 
47. Goya, G. F. et al. Magnetic Hyperthermia With Fe 3 O 4 Nanoparticles : The Influence of 
Particle Size on Energy Absorption. IEEE Trans. Magn. 44, 4444–4447 (2008). 
48. Guardia, P. et al. Water-soluble iron oxide nanocubes with high values of specific 
absorption rate for cancer cell hyperthermia treatment. ACS Nano 6, 3080–91 (2012). 
49. Jeun, M. et al. Physical limits of pure superparamagnetic Fe3O4 nanoparticles for a local 
hyperthermia agent in nanomedicine. Appl. Phys. Lett. 100, 92406 (2012). 
50. Lévy, M. et al. Magnetically induced hyperthermia: size-dependent heating power of γ-
Fe 2 O 3 nanoparticles. J. Phys. Condens. Matter 20, 204133 (2008). 
51. Périgo, E. A. et al. Fundamentals and advances in magnetic hyperthermia. Appl. Phys. 
Rev. 2, 0413021–04130235 (2015). 
52. Huff, T. B. et al. Hyperthermic effects of gold nanorods on tumor cells. Nanomedicine 
(Lond). 2, 125–32 (2007). 
53. Ondeck, C. L. et al. Theory of magnetic fluid heating with an alternating magnetic field 
with temperature dependent materials properties for self-regulated heating. J. Appl. 
Phys. 105, (2009). 
54. Geng, Y. et al. Shape effects of filaments versus spherical particles in flow and drug 
delivery. Nat. Nanotechnol. 2, 249–255 (2007). 
55. Lin, W. S., Lin, H. M., Chen, H. H., Hwu, Y. K. & Chiou, Y. J. Shape Effects of Iron Nanowires 
on Hyperthermia Treatment. J. Nanomater 1–6 (2013). 
16 
 
56. Alonso, J. et al. FeCo nanowires with enhanced heating powers and controllable 
dimensions for magnetic hyperthermia. J. Appl. Phys. 117, 17D113 (2015). 
57. Pondman, K. M. et al. Au coated Ni nanowires with tuneable dimensions for biomedical 
applications. J. Mater. Chem. B 1, 6129 (2013). 
 
  
17 
 
 
 
CHAPTER 2: FUNDAMENTAL ASPECTS OF MAGNETIC NANOPARTICLES 
AND MAGNETIC HYPERTHERMIA 
 
2.1 Magnetism 
Magnetism is one aspect of the combined electromagnetic force. It refers to physical 
phenomena arising from the force caused by magnets, objects that produce fields that attract 
or repel other objects. Magnetism and magnetic materials form the basis of many aspects of 
our modern society and the applications are nearly countless from hard disk drives to 
electromagnetic motors and more.1, 2 
In this dissertation, we have focused on the study of magnetic materials in general 
and magnetic nanostructures, in particular. Magnetic nanostructures exhibit a wide range of 
fascinating phenomena, such as low dimensional magnetism, exchange bias, giant 
magnetoresistance, etc. Due to their small scale and their active response to external 
magnetic fields, magnetic nanostructures have also been proposed for biomedical 
applications, opening a whole new area of research, nanomedicine, which is called to play a 
crucial role in the treatment of diseases. 
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Before describing the main results obtained in this work, I will briefly explain some 
basic concepts about the magnetism in nanostructures that will help with the posterior 
analysis. 
 
2.2 Magnetic Materials 
When a material is placed within a magnetic field, the magnetic forces of the 
material's electrons will be affected. However, materials can react quite differently to the 
presence of a magnetic field, depending on a series of factors, such as the atomic and 
molecular structure of the material, and the net magnetic field associated with the atoms.3 
Depending on their response, magnetic materials can be classified in 5 basic 
categories: Diamagnetic, Paramagnetic, Ferromagnetic, Antiferromagnetic, and 
Ferrimagnetic. More recently, some other categories have been recognized like 
metamagnetism, helimagnetism, spin glass, or super-paramagnetism.4 All materials are 
falling in one of these categories depending on their magnetic susceptibility. 
Magnetic susceptibility, 𝜒𝑚, is a constant that indicates the extent to which a magnetic 
material can be magnetized in an external magnetic field. 𝜒𝑚 is equal to the magnetization of 
the material, M, divided by the external magnetic field, H: 
𝜒𝑚 =
𝑀
𝐻
   (2.1) 
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2.2.1   Diamagnetism 
Diamagnetic materials consist of atoms with paired electrons and; therefore, no net 
magnetic moments. When an external magnetic field is applied to diamagnetic materials, an 
induced magnetic field is generated in the opposite direction, giving rise to a negative 
susceptibility (χ<0), as represented in Figure 2.1. In addition, for diamagnetic materials, 
when the magnetic field is zero the magnetic moment will also be zero.5  
Diamagnetism, to a greater or lesser degree, is a property of all materials and always 
makes a weak contribution to the materials’ response to a magnetic field. For materials that 
show some other forms of magnetism (such as ferromagnetism or paramagnetism), the 
diamagnetic contribution becomes negligible.  Most elements in the periodic table, including 
copper, silver, and gold, are diamagnetic. 
 
2.2.2   Paramagnetism 
In paramagnetic materials, contrary to diamagnetic materials, the application of an 
external magnetic field leads to a positive susceptibility, χ>0 (See Figure 2.1), due to the net 
magnetic moment originated from unpaired electrons in partially filled orbitals of the atoms. 
Nevertheless, in absence of magnetic field, the neighbor atoms do not align their 
magnetic moment with each other and the net magnetic moment in the material is again 
zero. When a magnetic field is present the magnetic moments of the atoms will be partially 
oriented in the direction of the magnetic field which yields a positive Susceptibility, χ>0 (See 
Figure 2.1). For low levels of magnetization, the paramagnetic susceptibility follows the well-
known Curie´s law.5 
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𝜒 ∝
𝐶
𝑇
   (2.2) 
Where C is the material specific Curie constant. Curie´s law does not apply in the high-
field/low-temperature regime where saturation of magnetization occurs. Some 
paramagnetic materials include magnesium, molybdenum, lithium, and tantalum. 
 
 
 
 
 
 
 
 
 
Figure 2.1: Typical magnetic loops for diamagnetic, paramagnetic, superparamagnetic, ferromagnetic, 
ferrimagnetic, and antiferromagnetic materials. 
 
2.2.3  Ferromagnetism 
Ferromagnetism is the basic mechanism by which certain materials (such as iron) 
form permanent magnets, or are attracted to magnets. On the contrary to paramagnetic 
materials, in ferromagnetic materials the magnetic moments of atoms in very small 
neighborhoods (magnetic domains) tend to align parallel to each other (see Figure 2.2 (a)) 
thanks to a strong spin-spin interaction which is due to electronic exchange forces between 
neighboring atoms 
Diamagnetic 
Paramagnetic 
Superparamagnetic 
Ferromagnetic/Ferrimagnetic 
Antiferromagnetic 
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In the absence of external magnetic field, each domain is oriented in a random 
direction. When the ferromagnetic material is placed in an external magnetic field the 
magnetic moment in each domain will be oriented in the direction of the magnetic field and 
the domain aligned in the direction of the magnetic field will expand and the material become 
magnetized. Figure 2.1 shows the typical hysteresis loop of a ferromagnetic material. As can 
be seen, when increasing the field, the magnetization will also increase until reaching a 
saturation value, MS. In addition, the magnetization of the ferromagnets do not go to zero 
once the magnetic field is removed and some remanence magnetization, Mr, remains in the 
absence of the magnetic field. If the magnetic field is increased in the opposite direction, the 
magnetization will progressively decrease until eventually reaching zero. The magnetic field 
at this point is known as Coercive Field or Coercivity, HC. 
The hysteresis parameters of ferromagnetic materials depend on several factors, 
including temperature, grain size, domain state, and stresses. Therefore, from the analysis of 
these hysteresis loops, it is possible to obtain information about these factors5. The magnetic 
properties of ferromagnetic materials are very sensitive to the temperature. When the 
temperature is increased, the atoms have a higher kinetic energy and; thus, it is harder to 
align the magnetic moments of the atoms. There is a certain temperature, called Curie 
temperature, where the thermal energy overcomes the exchange forces in the material and; 
therefore, the material loses its ferromagnetic properties. Curie temperature is different for 
different ferromagnets; for example, Curie temperature for cobalt is 1127 °C and for iron is 
770 °C. 
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2.2.4 Antiferromagnetism 
Like in the case of ferromagnetic materials, in antiferromagnetic materials, the 
magnetic moments of the neighbor atoms interact with each other but in this case the 
alignment is anti-parallel (Figure 2.2 (b)). Since the moments are exactly equal but oriented in 
opposite directions, the net magnetic moment is zero. This antiferromagnetic alignment 
completely vanishes above a certain temperature and the material becomes paramagnetic. 
This is called Néel temperature which is characteristic of each antiferromagnetic material. For 
instance, Néel temperature for manganese oxide is -157 °C and for Nickle oxide is 252 °C. A 
typical hysteresis loop for an antiferromagnetic material is represented in figure 2.1.6 
 
 
 
Figure 2.2: Magnetic moments configuration in (a) Ferromagnetic, (b) Antiferromagnetic, and (c) Ferrimagnetic 
materials. 
 
2.2.5   Ferrimagnetism 
The magnetic moments in ferrimagnetic materials are aligned antiparallel with 
respect to each other like antiferromagnets but the net magnetic moment in this case is not 
zero. Figure 2.2 (c) shows a typical domain in ferrimagnetic materials. The hysteresis loop 
for ferrimagnetic materials is very similar to ferromagnetic materials (see figure 2.1), and 
like ferromagnets, they hold a spontaneous magnetization below the Curie temperature, and show 
Ferromagnet Antiferromagnet Ferrimagnet 
(a) (b) (c) 
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no magnetic order (are paramagnetic) above this temperature. Ferrimagnetism is exhibited by 
ferrites and magnetic garnets, and the oldest known magnetic substance, magnetite (Fe3O4), is a 
ferrimagnet. 
 
2.3 Magnetic Nanoparticles  
As was commented before, magnetic materials tend to divide into separate domains. 
This is done in order to minimize their internal energy. Each domain has a constant magnetic 
moment which is not necessarily in the same direction as the other domains (see Figure 2.3). 
A big magnetic domain stores a lot of energy; thus, it is not stable and will split into two or 
more domains. Each time a domain splits, a domain wall is created between the new 
domains. Creating a domain wall requires energy, which is called exchange energy. The 
energy stored in the domain is proportional to the cube of the domain size while the 
exchange energy is proportional to the square of domain size.  
The domain continues splitting until the amount of energy required to create a 
domain wall is equal to the amount of stored energy. At this point the domains are stable and 
will not divide anymore.  
The size range of stable domains is 10-4- 10-6 m. As the size of the material decreases 
below this range, fewer domain walls are needed in order to minimize the energy of the 
system, and at a certain critical size (DC ~ 100 nm), it is no longer favorable to create more 
domains, and this leads to the formation of single domain particles. These particles are said 
to be in a blocked or ferromagnetic state. Their magnetic moments seem to be frozen during 
the measurement time, and their magnetic response against a magnetic field (M-H loop) is 
characterized by the presence of hysteresis, i.e. non-null coercivity and remanence (see 
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Figure 2.1, blue color). As described in Figure 2.3, it can be considered that each nanoparticle 
behaves as a small magnet, being the magnetic moment of the particle the result of the 
addition of all the magnetic moments of the atoms inside. For the atoms on the surface, 
normally some misalignment appears due to the lack of neighbors, giving rise to a 
magnetically disordered surface layer. 
As particles’ size decreases, another threshold DSP appears, below which the magnetic 
moments of the nanoparticles randomly flip direction under the influence of temperature. 
This is called the superparamagnetic state. In the superparamagnetic state, the magnetic 
response of the nanoparticle vs the magnetic field is analogous to that of a paramagnet. The 
hysteresis loop is characterized in the absence of remanence and coercive field (see Figure 
2.1, red color), and follows a Langevin-type behavior, as indicated in the following equation: 
𝑀(𝐻) = 𝑀𝑜 ∫ 𝐿 (
𝜇𝐻
𝑘𝐵𝑇
) 𝑓(𝐷)𝑑𝐷
∞
0
+ 𝜒𝑃𝑀𝐻  (2.3) 
Where Mo is the saturation magnetization of the particle, f(D) corresponds with the size 
distribution of the nanoparticles (normally Log-Normal) and χPM is the PM susceptibility of 
the surface atoms.  
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Figure 2.3: Evolution of the coercivity as a function of the particle size (Superparamagnetism in iron-doped 
CeO2−y nanocrystals, N Paunović, Z V Popović and Z D Dohčević-Mitrović Published 17 October 2012 • IOP 
Publishing Ltd Journal of Physics: Condensed Matter, Volume 24, Number 45, p 1, doi:10.1088/0953-
8984/24/45/456001). 
 
It has been shown that the magnetic properties of magnetic nanoparticles highly 
depend on their shape, size and morphology.7, 8 In particular, their small size and rapid 
response to an external magnetic field make them attractive for a wide range of biomedical 
applications, including magnetic hyperthermia, magnetic resonance imaging (MRI), and 
biosensing. In this work, we have focused on exploiting the inductive heating properties of 
magnetic nanosystems for advanced hyperthermia.  
 
2.4  Magnetic Anisotropy 
One of the key elements that define the magnetic behavior of nanoparticles is 
magnetic anisotropy. Magnetic anisotropy is the dependence of magnetic properties on a 
preferred direction, which in the case of the nanoparticles generally means that the magnetic 
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moment of the material tends to align in an energetically preferred direction which is called 
easy axis. On the other hand, one can also define a hard axis for which a large magnetic field 
is required in that direction to reach the saturation magnetization.  
The magnetic energy in a single domain nanoparticle with uniaxial anisotropy can be 
described by the Stoner-Wohlfarth model:9, 10 
𝐸𝐵 = 𝐾𝑉𝑠𝑖𝑛
2𝜃 − 𝜇𝐻𝑐𝑜𝑠(𝛼 − 𝜃)  (2.4) 
Where K is effective uniaxial anisotropy, V is the volume of the nanoparticle, 𝜃 is the angle 
between the magnetic moment of the particle and the easy axis, and α is the angle of the 
applied magnetic field and the easy axis (see Figure 2.4). As can be seen the energy is 
minimum when 𝜃 is zero; i. e., when the magnetic moment is in the direction of the easy axis. 
In most studies, magnetic anisotropy is considered uniaxial, which is an 
oversimplification in most cases. The exact form of the anisotropy energy is not known often 
but the Stoner-Wohlfarth model is a valid first order approximation in most of the systems.11  
Magnetic anisotropy plays a crucial role in the magnetic response of the nanoparticles 
as a function of temperature. The magnetic behavior of the MNPs depends on their relaxation 
time, 𝜏. Let’s call the time window of the employed experimental technique 𝜏m. If 𝜏 << 𝜏m, 
which means the measurement time is much faster than the magnetization orientation 
observed in this time window the nanoparticles are in the superparamagnetic regime. If 𝜏 >> 𝜏m, 
the measurement time is much slower than the relaxation time and nanoparticles are in the 
blocked regime. The temperature which divides these two regimes is called blocking 
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temperature, TB. TB is related to the energy barrier, it increases when the particle size 
increases.9 
 
Figure 2.4: Illustration of the variables used in the Stoner–Wohlfarth model (Eq. 2.4) for nanoparticles. 
 
For small non-interacting superparamagnetic nanoparticles, the relaxation time is 
proportional to the ratio between the energy barrier and the temperature (Neel-Arrhenius 
model): 
𝜏 = 𝜏0 exp(𝐸𝐵 𝑘𝐵⁄ 𝑇) = 𝜏0exp⁡(𝐾𝑉 𝑘𝐵⁄ 𝑇)   (2.5) 
Where kB is the Boltzmann constant, and 𝜏0 is inversely proportional to the frequency of 
jump attempt of the magnetic moment between the opposite directions of the magnetization 
easy-axis. 𝜏0 is characteristic relaxation time of the magnetic moment of the MNPs and its 
values are between 10−9 to10−10 s and can be experimentally measured.  For the typical 
measuring time of a VSM or SQUID magnetometer, 𝜏m= 𝜏= 100 s, the blocking temperature 
can be estimated from equation 2.5:9 
𝑇𝐵 =
𝐾𝑉
𝑘𝐵ln⁡(𝜏𝑚/𝜏0)
≈
𝐾𝑉
25𝑘𝐵
   (2.6) 
α 
𝜃 𝜇 
H 
Easy axis 
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As discussed above, according to the Stoner-Wohlfarth model, monodomain MNPs can be 
considered as magnets with a net uniaxial magnetic moment resulting from the addition of all the 
magnetic moments inside the particle. Below TB, the magnetic moment of the nanoparticles seems 
to be “blocked” (or in “ferromagnetic” state), while above that temperature, the magnetic moment 
flips several times during the measurement, and the particles are considered to be in a 
superparamagnetic state. Therefore, we can define a critical volume, Vcrit where 𝜏m = 𝜏. All 
MNPs with a volume smaller than Vcrit are in the superparamagnetic regime. For 𝜏m = 𝜏 =100 s 
the critical volume is: 
𝑉𝑐𝑟𝑖𝑡 ≈
25𝑘𝐵𝑇
𝐾
  (2.7) 
The higher the temperature, the bigger is the critical volume of the MNPs, and the lower the 
anisotropy, the smaller the critical volume. 
Magnetic anisotropy also affects the shape of hysteresis loop, coercivity and 
remanence, and therefore, as we will discuss later in next chapters, it plays an important role 
in magnetic hyperthermia and heating efficiency of the MNPs. By tuning the effective 
anisotropy of the nanoparticles we can enhance their heating efficiency.12, 13  
There are several different types of anisotropy that can appear in magnetic 
nanoparticles. The most important ones in our samples are: 
I. Magnetocrystalline anisotropy 
II. Shape anisotropy 
III. Surface anisotropy 
IV. Exchange anisotropy 
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2.4.1  Magnetocrystalline Anisotropy 
Magnetocrystalline anisotropy arises mostly from spin-orbit coupling. This effect is 
related to the crystal structure of the material, and it can be considered weak compared to 
the anisotropies, such as surface anisotropy, in the case of magnetic nanoparticles.  The 
specific form of the magnetocrystalline anisotropy energy depends on the symmetry of the 
crystal lattice:11 a uniaxial anisotropy will be obtained in the case of a hexagonal lattice, and 
a cubic anisotropy will appear in the case of a cubic crystal.14 Materials such as Fe and Fe3O4 
present room temperature cubic anisotropy, with anisotropy constant values of K1=4.8×104 J/m3 
and -1.1×104 J/m3 respectively. 
 
2.4.2  Shape Anisotropy 
Shape anisotropy is related to the shape of the MNPs and depends on magnetostatic 
energy. A magnetized body induces magnetic poles at its surface, and the surface charges 
produce a demagnetization field that opposes the magnetic field created by inner magnetic 
moments. Figure 2.5 shows a schematic of the induced poles on the surface and the 
demagnetization field.  
The demagnetizing field is smaller in the direction of longer axis, because the induced 
poles at the surface are further apart. Therefore, spherical MNPs do not have shape 
anisotropy, because the demagnetizing fields are isotropic in all directions, but in the case of 
non-spherical MNPs it is easier to magnetize the sample along a long axis than along a short 
axis.5, 11, 14  
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Figure 2.5: (a) Apparent surface charge distribution originated in a magnetic particle when magnetized, and 
(b) the demagnetizing field generated in opposition to this magnetization.  
 
Shape anisotropy is usually considered a major contribution to the average total 
anisotropy of the MNPs. For example, a deviation from ideal spherical shape of the 
nanoparticles into a prolate spheroid with a ratio r as small as 1.3, will contribute with an 
anisotropy constant of the order of Kshape = 1.4 ×104 J/m3 in the case of Fe3O4 nanoparticles, 
that is about the same value as magnetocrystalline anisotropy.15 
 
2.4.3  Surface Anisotropy 
Since nanoparticles are very small, a large portion of atoms are settled on the 
surface of the MNPs. The origin of the surface anisotropy is mainly due to local symmetry 
breaking which could originate from many different effects at the surface, such as the 
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presence of structural defects (e.g., facets), broken exchange bonds, different number of 
neighbors, different atomic distances (surface strain) and so on. Therefore, Surface 
anisotropy can have a large contribution to the effective anisotropy of the MNPs.11 
According to Néel, Surface anisotropy may be predominant in particles smaller than 
10nm.16 Due to the effect of surface anisotropy, magnetic anisotropy constant in MNPs 
can be remarkably larger than bulk.11  
Surface anisotropy will also change depending on the shape of the nanoparticles. 
The different morphology of the nanoparticles results in a larger “surface disorder” and 
consequently an enhanced “effective” surface anisotropy in the nanoparticles with more 
facets.17 
 
 
2.4.4  Exchange Anisotropy 
Exchange anisotropy happens due to the exchange coupling at the interface of two 
systems which are ordered magnetically in a different way. These include three different 
interactions: ferromagnetic/antiferromagnetic, ferrimagnetic/antiferromagnetic, and 
ferrimagnetic/ferromagnetic systems.18 In 1956, Meiklejohn and Bean reported the 
discovery of the exchange anisotropy. They observed a shift along the field axis in field 
cooled (FC) hysteresis loop for a sample of Co nanoparticles which the surface was 
partially oxidized to CoO. Co is ferromagnetic while CoO is antiferromagnetic; therefore, 
the system was composed of core/shell (C/S) Co/CoO. Figure 2.6 shows the FC and zero 
field cooled (ZFC) hysteresis loop of these nanoparticles at 77 K.19  
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Figure 2.6: FC (continuous line) and ZFC (dashed curve) hysteresis loops of Co/CoO nanoparticles measured at 77 K 
(Adopted from: “New Magnetic Anisotropy”, W. H. Meiklejohn and C. P. Bean, Feb 1, 1957, 105, American 
Physical Society). 
 
To explain the loop shift, Meiklejohn and Bean considered the presence of additional 
unidirectional anisotropy energy (exchange anisotropy). This kind of anisotropy will be dominant 
in core/shell and similar nanoparticles. Suppose that MNPs are single-domain spherical particles 
with uniaxial anisotropy. The easy axis was aligned in the direction of the magnetic field H, which 
has been applied anti-parallel to the particle's magnetization, MS. They considered the expression for 
the free energy at T= 0 K of the particles: 
𝐹 = 𝐻𝑀𝑠 cos𝛩 − 𝐾𝑢 cos𝛩 + 𝐾1𝑠𝑖𝑛
2𝛩 (2.8) 
Where Θ is the angle between the easy axis and the direction of magnetization, Ku is unidirectional 
and K1 is uniaxial anisotropy energy constant. The solution of equation (2.8) is given by equation 
(2.9): 
𝐻′ = 𝐻 −
𝐾𝑢
𝑀𝑠
  (2.9) 
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Which obviously shows the loop shifted by 𝐾𝑢 𝑀𝑠⁄  in on field axis.18 
 
2.5 Magnetic Interactions between Nanoparticles 
Apart from the effective anisotropy, another crucial factor to explain the magnetic 
behavior of the nanoparticles is the magnetic interactions. In all MNPs there are various 
types of magnetic interparticle interactions. For biomedical applications, interparticle 
interactions are generally considered undesirable, since they tend to make the nanoparticles 
aggregate and a higher aggregation of the nanoparticles implies a higher toxicity and a lower 
half life inside the human body. Therefore, nanoparticles are coated to minimize the 
interactions, nevertheless, the interactions cannot be considered negligible. In the following 
sections, we will describe the two most important interparticle interactions that can appear 
between magnetic nanoparticles. 
 
2.5.1  Magnetic Dipole Interactions 
Magnetic dipole interactions are long range interactions and the dipolar energy 
between two magnetic moments 𝜇1⃗⃗⃗⃗  and 𝜇2⃗⃗⃗⃗  which are separated by distance 𝑟can be written 
as: 
𝐸 = (𝜇0 4𝜋𝑟
3⁄ )[𝜇 1. 𝜇 2 − (3 𝑟
2)(𝜇 1. 𝑟 )(𝜇 2. 𝑟 )⁄ ]  (2.10) 
The strength of this interaction depends on the distance between the magnetic 
dipoles and the orientation of the dipoles with respect to each other.14 If the average 
magnetic moment in the sample is μ and the average distance between the dipoles is d the 
dipole energy can be estimated:  
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𝐸 ≈ (𝜇0 4𝜋⁄ )(𝜇
2 𝑑3⁄ ) (2.11) 
For two magnetic atoms in a crystal lattice, dipolar energy is below 10-23 J which is 
about 1 K. Thus, dipolar interactions are too weak to take part in magnetic ordering in bulk 
material. In case of MNPs, each MNP has a magnetic moment around 103-105 μB; therefore, the 
dipolar energy can be equal to a few tens of kelvins which can result in magnetic ordering of 
the MNPs moments at finite temperatures.11, 14 long-range dipolar interactions results in 
shape anisotropy in MNPs.14  
Dipolar interactions are proportional to the magnetization of the nanoparticles and 
inversely proportional to their separation. Despite being less intense than exchange 
interactions, dipolar interactions are going to be present even if the particles are well 
separated, contrary to exchange interactions between the nanoparticles that decay rapidly 
with the distance. 
 
2.5.2 Exchange Interactions 
Exchange interactions are very short-range magnetic interactions. These interactions 
are the largest magnetic interactions which are responsible for the alignment of the spins 
and existence of ferromagnetic and antiferromagnetic materials. Exchange interactions are 
only observed when the nanoparticles are in contact or very close together, since they are 
the result of the overlap of the wavefucntions from the surface atoms of different 
nanoparticles.20  
Consider two adjacent atoms each with one electron and one proton: electron 1 
moving about proton 1, and electron 2 moving about proton 2. Since the electrons are 
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indistinguishable, there is a possibility that the two electrons exchange places and electron 
1 moves about proton 2 and electron 2 about proton 1. This adds an additional term which 
is called exchange energy to the total energy of the two atoms. In the hydrogen molecule, this 
exchange of electrons happens about 1018 times per second. If two atoms have spin angular 
momentums⁡𝑆1ℏ 2𝜋⁄ , and 𝑆2ℏ 2𝜋⁄ , the exchange energy between them is given with the 
following energy term: 
𝐸𝑒𝑥 = −2𝐽𝑒𝑥𝑆1𝑆2 = −2𝐽𝑆1𝑆2 cos𝜑  (2.12) 
Where Jex is exchange constant, and φ is the angle between the spins. If Jex is positive, the 
exchange energy is minimum when the spins are antiparallel (cos φ=-1). If Jex is negative, Eex 
is minimum when the spins are parallel (cos φ=-1).21 Therefore, if Jex is positive, a 
ferromagnetic alignment between the nanoparticles is favored and if Jex is negative an 
antiferromagnetic alignment happens. The spin–orbit coupling results in magnetocrystalline, 
and surface anisotropy.14 
 
2.6 Magnetic Hyperthermia 
Magnetic hyperthermia is an experimental cancer therapy based on the fact that 
magnetic nanoparticles, when subjected to an alternating magnetic field, produce heat. 
Consequently, if magnetic nanoparticles can be guided into a tumor and an AC magnetic field 
is applied to the tumor region, the tumor temperature will increase, which destroys cancer 
cells locally. Ideally, localized temperatures in the range of 40-45°C (therapeutic window) 
are desirable in order to destroy the cancer cells without affecting healthy tissues. 
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The heating efficiency or Specific Absorption Rate (SAR) of the nanoparticles in 
presence of the AC magnetic field is proportional to the energy losses which are converted 
into heat, and thereby, to the hysteresis loop area of the nanoparticles.22 Therefore, by 
increasing the area of the AC hysteresis loop, the SAR value can be improved (see Figure 2.7) 
and the required dosage of nanoparticles for the Hyperthermia treatment can be reduced. 
 
  
Figure 2.7: AC hysteresis loop measured for a system of magnetic nanoparticles under an AC magnetic field. 
 
The most basic model to describe the heating of the nanoparticles is based on the 
Néel–Brown relaxation.23 This model considers two heating mechanisms: the Brownian 
mechanism due to physical rotation of the nanoparticles and the Néel mechanism due to the 
magnetization vector rotating within the nanoparticle. Figure 2.8 shows Brownian and Néel 
mechanisms. Each mechanism is characterized with a different time constant, as indicated 
in Figure 2.8, and if an external oscillating field, H(t) = H0 cos ωt, is applied to the 
nanoparticles, the time constants introduce a phase lag between the magnetic moment and 
the field, which pumps energy into the system, being the power generated: 
𝑃 = 𝜇0𝜋𝑓𝐻
2 𝜔𝜏
1+(𝜔𝜏)2
𝜒0  (2.13) 
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where χ0 for superparamagnetic nanoparticles, is described by a Langevin function, and 1/τ= 
(1/τB + 1/τN).  
However, this model is only valid for small superparamagnetic nanoparticles in the 
linear regime, which is when the magnetization response is assumed to be linear with the 
applied field (very small fields), and, therefore its validity is limited.22 
Outside of the linear response regime, more complicated models and simulations are 
required in order to explain the heating of the nanoparticles.24, 22 Nevertheless, the heating 
efficiency of the nanoparticles can be easily determined via experimental measurements. 
 
 
 
 
 
 
 
 
 
Figure 2.8: Schematic representation of the (a) Brownian, and (b) Néel relaxation mechanisms with their 
corresponding relaxation times. 
 
In order to measure the heating efficiency of the nanoparticles we have employed two 
different methods: calorimetric and AC magnetometry.  
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2.6.1 Calorimetric Method 
In calorimetric method, the increase in temperature is recorded as a function of time 
during the application of the AC field. When the thermal losses from the nanoparticles are 
considerable the generated heat can increase the temperature of the medium in which the 
nanoparticles are dispersed, and this increase in temperature will be proportional to their 
heating efficiency. Figure 2.9 shows the typical heating curves obtained for magnetic 
nanoparticles in an AC magnetic field.  
The heating efficiency of the nanoparticles can be estimated from   the initial slope of 
the heating curve (initial slope method): 
𝑆𝐴𝑅 =
ο𝑇
ο𝑡
×
𝐶𝑝
𝜑
  (2.14) 
Where Cp is the heat capacity of the liquid medium (4.186 J/g °C for water), and φ is the mass 
of magnetic material per mass of liquid.  
The two main assumptions of the initial slope method are: a) the sample temperature 
is always homogeneous while heating upon application of an external AC magnetic field. b) 
Heat losses with the environment are negligible during a heating time interval at the 
beginning of the heating process. Unfortunately, these two conditions are not always met 
with the current available commercial hyperthermia systems, and this leads to an 
underestimation of the SAR. 
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Figure 2.9: Typical heating curves obtained for magnetic nanoparticles during a magnetic hyperthermia 
experiment. The green region delimits the ideal range of temperatures for the effective treatment. 
 
2.6.2 AC Magnetometry Method 
A more accurate method to determine the heating efficiency of the nanoparticles is 
AC magnetometry. In AC magnetometry, the dynamic magnetization M(t) of the sample is 
directly measured using a magnetometer that records the Hysteresis curves of the sample in 
AC magnetic field.25 The SAR value can be calculated by integrating M(t) with respect to the 
magnetic field over one period:26 
𝑆𝐴𝑅 =
𝑓
𝑐
𝜇0 ∮𝑀(𝑡). 𝑑𝐻0  (2.15) 
Which is proportional to the area of the AC hysteresis loop.12 Currently there is no 
commercial equipment committed to the measurement of M(H) cycles in the biological range 
of AMF application, as the detection of magnetization at frequencies in the range of the kHz 
brings several problems.27 However, some groups, such as our collaborators at the 
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University of Basque Country, have developed such a home-made device. More details about 
the home made setup can be found elsewhere.28 
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CHAPTER 3: EXPERIMENTAL METHODS 
 
3.1.  X-Ray Diffractometry 
X-ray Diffractometry is one of the most commonly used analytical techniques to 
identify the atomic and molecular structure in crystalline solids. X-ray diffractometers 
basically include three parts: X-ray tube, sample holder, and X-ray detector. When an 
incident beam of X-rays interacts with crystalline atoms, it diffracts in different directions. 
The diffracted waves interfere with each other either constructively or destructively. In 
crystalline materials, since the arrangement of atoms is periodic, sharp constructive 
interference maxima appear in certain scattering angles which reveal information about the 
crystalline structure. Depending on the size and shape of the unit cells the directions of 
possible diffractions will change and the intensities of the diffracted waves will depend on 
the arrangement of atoms in the crystal. In the case of powder samples, they consist of many 
tiny crystallites oriented in all directions. Therefore, when the X-ray beam hits the powder 
sample, it will interact with all possible interatomic planes, and by changing the 
experimental angle systematically, all possible diffraction peaks of the sample can be 
detected. 
  For a lattice with an interplanar distance d the angles, 𝜃, in which the diffraction peaks 
occur, can be obtained by the Bragg’s law: 
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2d sin𝜃= n𝜆   (3.1) 
Where n is the order of the diffraction peak and 𝜆 is the wavelength of the X-rays beam. 
Each material has a unique set of interplanar distances or d-spacing. Thus, by 
converting the diffraction peaks to d-spacing, the material can be identified. To analyze the 
diffractograms, generally the Rietveld algorithm1 can be used in order to obtain detailed 
structural information. Nevertheless, the application of this algorithm demands a great prior 
knowledge of structural and microstructural parameters of the sample, and this approach is 
not very reliable when a major peak broadening appears as a result of poor crystallinity 
and/or finite crystallite size. According to Scherrer equation, the broadening of the peaks in 
particles smaller than 1 μm is inversely proportional to the crystallite size, L: 
𝐹𝑊𝑀𝐻(2𝜃) =
𝐾𝜆
𝐿𝑐𝑜𝑠𝜃
   (3.2) 
Where K is a proportionality constant which depends on the shape and size distribution of 
the crystallites and the symmetry of the lattice and it can vary from 0.62 to 2.08.2  
 
 
Figure 3.1: Brüker AXS D8 X-ray diffractometer. 
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The XRD data which have been discussed in this dissertation were collected with a 
Brüker AXS D8 diffractometer and a Cu Kα source (Figure 3.1).  
 
3.2. Transmission Electron Microscopy 
One of the initial requirements to characterize nanoparticles is to check their shape 
and size; for which an electron microscope is necessary.  In an optical microscope, which 
uses optical lenses and visible light source, if the optical aberrations in the whole setup can 
be neglected, the resolution d is stated as: 
𝑑 =
𝜆
2𝑁𝐴
   (3.3) 
Where 𝜆 is the wavelength of the light, and NA is the numerical aperture which is defined as: 
NA= n sin𝜃   (3.4) 
Being n the index of refraction of the medium in which the lens is working, for example, n is 
1 in air and 1.33 in water; and θ corresponds with the maximal half-angle of the cone of light 
that can go through the lenses. If the medium is air, NA is about 0.95, and considering the 
wavelength of the green light, 550 nm, the resolution of an optical microscope in the best 
case is about 200 nm. This means that one cannot see nanoparticles smaller than 200 nm 
with an optical microscope.  
The wavelength of electrons can be up to 100,000 times shorter than the wavelength 
of the visible light. Hence, using electrons as a source of illumination enables us to design 
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microscopes with resolutions much higher than optical microscopes and; therefore, the 
morphology of smaller nanoparticles can be revealed.  
  Transmission Electron Microscopy is the technique which has been used for imaging 
the samples discussed in this dissertation. In this technique, a beam of electrons is 
transmitted through a very thin specimen. The electrons interact with the specimen and an 
image will form due to these interactions. In the case of electron microscopes, 
electromagnetic lenses are used instead of glass lenses, because with glass lenses the 
electrons would be absorbed or scattered as soon as they hit the surface of the lens. 
Electromagnetic lenses can solve this problem, since electrons have electrostatic charge and 
they can be deflected in a magnetic field. Electromagnetic lenses essentially consist of copper 
coils in which the magnetic field can be controlled by adjusting the current. The magnetic 
field operates like a convex lens and brings the off-axis electrons to focus. The transmitted 
electrons have information about sample structure and the image can be detected by a CCD 
camera. 
Spherical aberration is one of the main factors that limit the resolution of TEM, but in 
the last years, a new generation of aberration correctors partially resolved this problem and 
increased the resolution. In High Resolution Transmission Electron Microscopy, HRTEM, the 
correction of spherical aberration yields images with resolution below 50 pm.3 
An FEI Morgagni TEM with a 16.7 M Pixel bottom mount camera (Figure 3.2) was 
used to evaluate the morphology and size of samples studied in this dissertation. To get an 
even better depiction of the nanoparticles and to be able to distinguish the atomic planes, a 
TEM with a higher resolution was necessary. Thus, an aberration corrected Tecnai F20 TEM 
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was used to acquire images with high resolution and selected area electron diffraction 
(SAED) patterns. 
To prepare the sample for TEM, a small amount of sample was diluted in hexane and 
sonicated for a few minutes to disagglomerate the magnetic nanoparticles. To obtain an 
image with good quality the sample thickness should be small, thus; just one drop of the 
diluted sample was placed on a copper TEM grid. 
 
 
Figure 3.2: FEI Morgagni Transmission Electron Microscope with a 16.7 MPixel bottom mount camera. 
 
3.3.  Physical Property Measurement System 
Magnetic characterization is very important to obtain a better idea of how magnetic 
nanoparticles will respond in magnetic hyperthermia measurements. Figure 3.3 shows the 
heart of our lab, a commercial Model 6000 Quantum Design Physical Property Measurement 
System (PPMS). This model is equipped with a 7 T longitudinal dc magnetic field capability 
and the temperature can be changed between 1.9 and 350 K. 
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Figure 3.3: Model 6000 Quantum Design Physical Property Measurement System (PPMS). 
 
The magnet is cooled down with liquid helium, and around the sample chamber there 
is another chamber that fills with liquid nitrogen to reduce the evaporation of liquid helium. 
The system is capable of performing various kinds of magnetic measurements (DC, AC, and 
transverse susceptibility). 
To have reliable measurements, for most of our samples at least 1 mg of sample was 
required. The sample was dried and the powder sample was packed firmly in a gelatin 
capsule. A piece of Teflon was placed on top of the sample to keep the sample tight and avoid 
physical movement. The gelatin capsule was then placed in a plastic straw and the sample 
was ready for measurement. The magnetic contribution of the straw and gelatin capsule was 
negligible. 
 
3.3.1 DC Magnetometry  
A magnetometer is a device that can measure the strength and direction of the 
magnetic field. They can also measure the magnetization of the magnetic materials. In DC 
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magnetometry the measurements take place in a static magnetic field. A commercial 
Quantum Design vibrating sample magnetometer (VSM) was used to perform DC 
magnetization measurements. VSM is a sensitive and quick magnetometer which basically, 
uses the Faraday’s law to measure the magnetization of the magnetic materials. Based on 
Faraday’s law any change in magnetic field of a coil which carries a current will induce a 
voltage (emf) in the coil. In principle, the sample is located in a uniform magnetic field and is 
vibrating mechanically between 0.1 to 5 mm around the center of the magnetic field near a 
set of pickup coils by means of a piezoelectric material. The motion of the magnetized sample 
causes a change in magnetic flux density ∂B/∂t, which induces a voltage inside the pickup 
coils. This induced voltage is proportional to the magnetic moment of the sample. The 
voltage alters sinusoidally with a driving frequency of 40 Hz and is detected with a lock-in 
amplifier using the piezoelectric signal as the reference signal. In this procedure, the coil is 
kept fixed and sample is vibrating to eliminate the signal induced by the curvature of the 
magnetizing field.  
Since the magnetic field in the coil is not changing over the time, ∂H/∂t = 0; thus, the 
rate of change of the magnetic flux density inside the detecting coil (B = µ0(H+M)) can be 
expressed as: 
𝜕𝐵
𝜕𝑡
= 𝜇0
𝜕𝑀
𝜕𝑡
   (3.5) 
Where M is the magnetization of the sample. M can be calculated from the induced voltage in 
the pickup coil: 
𝑀 =
𝑉𝑖𝑛𝑑𝑢𝑐𝑒𝑑
2𝜋𝑓𝐶𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)
  (3.6) 
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Where f is the frequency of the sample oscillation, A is the vertical amplitude, and C is an 
instrument-specific coupling constant.4 Figure 3.4 shows a typical VSM system. 
 
Figure 3.4: Schematic of a vibrating sample magnetometer, displaying the top motor part and the bottom 
sample holder (©2016 Quantum Design, Inc. Used with permission). 
 
In this dissertation, there are two main types of DC magnetic measurements which 
have been done to characterize the samples magnetically: 
1) Variation of magnetization as a function of temperature in a constant field, MT, 
(Figure 3.5 (a)). 
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2) Variation of magnetization as a function of magnetic field at constant temperature, MH, 
(Figure 3.5 (b)) which is called Magnetic Hysteresis loop. 
 
 
Figure 3.5: Typical (a) magnetic moment vs. temperature (MT), and (b) room temperature magnetic moment vs 
magnetic field (MH) curves. The inset shows the MH curve recorded at 5 K. 
 
Useful information can be extracted from MT curves. For example, appearance of Verwey 
transition confirms the high crystallinity of the nanoparticles. The samples have been measured 
in this dissertation are iron oxide, and appearance of Neel relaxation in MT curves can indicate the 
existence of FeO phase.  
The MT curves have been recorded following the zero-field-cooling (ZFC)/field-cooling 
(FC) procedure. During the ZFC, the sample is cooled down in the absence of magnetic field, and 
when the initial temperature is reached, a small magnetic field is applied, and the magnetization is 
recorded while increasing the temperature. On the other hand, during FC, the sample is cooled 
down in presence of small magnetic field, and then the magnetization is recorded as a function of 
the temperature. One of the most important information we can extract from ZFC MT curves, when 
working with magnetic nanoparticles, is the blocking temperature, TB. As has been mentioned in 
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2.2, TB essentially depends on the size and effective anisotropy of the nanoparticles, and it 
generally corresponds with the position of a maximum in the ZFC curve. In this dissertation, it can 
be seen that bigger samples (>15 nm) are normally ferromagnetic at room temperature and 
blocking temperature cannot be observed below 350 K which is the maximum temperature that 
the can be reached with our PPMS. On the other hand, FC MT curves can give us information about 
the interactions between the MNPs and about the possible appearance of collective blocked states 
of the nanoparticles at low temperatures.  
In addition, MH loops provide us with information about the saturation magnetization, MS, 
and coercive field, HC, of the MNPs, both important parameters to determine the viability of the 
MNPs for magnetic hyperthermia. In addition, valuable information about exchange bias can be 
extracted from MH loops measured after cooling the sample in presence of a magnetic field.  
Exchange bias or the horizontal shift of the MH loops a very promising property of MNPs for data 
storage and magnetorecording applications. In chapter 4 this effect will be discussed in more 
detail. 
 
3.3.2 AC Susceptibility 
As has been mentioned in chapter 2, magnetic susceptibility is the ratio of 
magnetization to external magnetic field. In AC susceptibility measurement, the sample is 
subject to an alternating magnetic field, HAC, which leads to a time-dependent moment in the 
sample: 
𝜒𝐴𝐶 =
𝑑𝑀
𝑑𝐻𝐴𝐶
   (3.7) 
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The sample is located in a coil and since the magnetic field is changing the direction 
periodically, the direction of the magnetization of the sample changes according to that; thus, 
a voltage will be induced to the coil with no need to move the sample.  The induced voltage 
is proportional to
𝑑𝑀
𝑑𝑡
.   
𝑉 = −
𝑑𝛷
𝑑𝑡
= −𝐿
𝑑𝐼
𝑑𝑡
   (3.8) 
Where Φ is the total magnetic flux, L is the inductance, and I is the induced current. 
Magnetization is proportional to the induced current, I. 
                                      𝑀 = 𝑁
𝐼
𝑙
  (3.9) 
Where N is the number of turns and l is the length of the coil. By substituting equation 3.9 in 
3.8 it can be seen that 
𝑑𝑀
𝑑𝑡
 is proportional to the induced voltage. 
𝑉 = −𝐿𝑙
𝑑𝑀
𝑑𝑡
   (3.10) 
Thus, using equation 3.7 and 3.10, χ can be calculated.5 
In dynamic magnetic susceptibility technique or AC susceptibility the magnetic 
moment of the sample changes in an AC magnetic field, this gives the possibility to study the 
spin dynamics and dissipative processes in magnetic system.5 At very low frequencies, the 
AC measurements are very similar to DC measurements and the magnetic moment of the 
sample follows the MH curve that would be measured in in DC measurements and χ is 
essentially equal to the slope of the MH curve. Considering that AC measurements are 
sensitive to the slope of MH curve not to the absolute moment; it is obvious that even small 
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magnetic shifts are distinguishable. At higher frequencies, due to the dynamic effects in the 
sample, the AC measurements are not similar to the DC MH curves anymore. In this case, the 
magnetization of the sample shows a delay compared to the AC magnetic field and a phase 
shift, φ, occurs between the magnetic response and HAC. Therefore, one can think that 𝜒𝐴𝐶  
has two components: the in-phase or real component, χ’, and the out of phase or imaginary 
component, χ”.6 
𝜒𝐴𝐶 = 𝜒
′ − 𝑖𝜒"   (3.11) 
Both χ' and χ" are very sensitive to thermodynamic phase changes, and are often used 
to measure transition temperatures. Additionally, the frequency dependence of the AC 
susceptibility, can help to study the relaxation process and relaxation time in the system.5 χ” 
is generally related to dissipative processes in the magnetic system. In ferromagnetic 
materials dissipation occurs because of irreversible domain wall movement or absorption 
due to a permanent moment. In conductors, and superconductors dissipation is due to eddy 
currents, and flux creep, respectively. In spin glass or superparamagnetic system appearance 
of χ” is related to the slow magnetic relaxation processes. Figure 3.6 shows χ’ and χ” versus 
temperature in 10, 100, 500, 1000, 5000, and 10000 Hz. 
The position of χ’ maximum, Tm’, has been typically associated with the onset for the 
collective freezing of the system. The system presents a spin glass like behavior below 
freezing temperature and a superparamagnetic above this temperature. By changing the 
frequency, we are deliberately changing the probe time, τ= 1/ω= 1/2πf, which allows us to 
probe the relaxation of the magnetic moments in different time windows.  
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Figure 3.6: AC susceptibility components (a) χ’, and (b) χ” vs temperature, measured at 10, 100, 500, 1000, 
5000, and 10000 Hz. 
 
There are different functions to describe the temperature dependence of the 
relaxation time of the MNPs depending on the characteristics of the magnetic system: 
 Néel-Arrhenius theory 
We have already introduced this model in Section 2.4. Briefly, for very small 
nanoparticles the direction of the magnetic moment flips randomly by changing the 
temperature. The time between the two flips is called Néel relaxation time. When there is no 
magnetic field if the measurement time is much longer than Néel relaxation time the average 
magnetic moment is zero and the particles are in superparamagnetic state. In these systems, 
the interparticle interaction is negligible. In this case the relaxation time can be calculated 
by: 
𝜏(𝑇) = 𝜏0exp⁡(
𝛥𝐸
𝐾𝐵𝑇
)  (3.12) 
Where ΔE is the energy barrier for (macro) spin reversal, 𝜏0 is characteristic of the material 
called attempt time and is from 10-9 for nonmetallic to 10-13 for metallic systems.7 
(a) (b) 
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 Vogel-Fulcher theory 
For bigger nanoparticles where the interparticle interaction is not negligible, Néel-
Arrhenius theory is not applicable anymore. In this case Vogel–Fulcher law can be used to 
calculate the relaxation time.8 Vogel–Fulcher model is actually a phenomenological 
modification of the Néel-Arrhenius model to include the effect of the interactions in the form 
of a change to the energy barrier, as given by an additional temperature, TVF, which is related 
to the strength of the interactions. 
𝜏(𝑇) = 𝜏0exp⁡(
𝛥𝐸
𝐾𝐵(𝑇−𝑇𝑉𝐹)
)  (3.13) 
 The Scaling Law 
Another approach to the problem of the presence of interaction draws on the 
standard theory for the dynamical scaling near a phase transition at a certain temperature, 
Tg. The conventional result relates the critical relaxation time, τ, to the correlation length, ξ, 
as τ~ ξz.  Since ξ diverges with temperature as ξ~ [T/Tg-1]-υ, the critical relaxation time can 
be expressed by:  
𝜏(𝑇) ∝ 𝜏0(
𝑇−𝑇𝑔
𝑇𝑔
)−𝑧𝜈  (3.14) 
Where z is the dynamic exponent and 𝜈 is the critical exponent of the correlation length. This 
model has been successfully used to describe the critical slowing down of spin glass and 
super spin glass systems.9 
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3.3.3 Transverse susceptibility 
One the most important studies in this dissertation is to investigate how we can 
improve the heating efficiency of the MNPs by tuning their effective anisotropy. But, in order 
to tune the anisotropy, first we need to determine it accurately. There are several methods 
in the literature to measure the effective anisotropy. 
We can obtain an estimation of the anisotropy of the MNPs from their blocking 
temperature, as was shown before. We can also estimate the anisotropy by fitting the MH 
loops to the law of approach to saturation:10 
𝑀 = 𝑀𝑠(1 −
𝑏
𝐻2
)  (3.15) 
Where Ms is saturation magnetization, H is magnetic field, and b is correlated with the effect 
of the magnetocrystalline anisotropy. In the case of uniaxial magnetic crystals, the fitting 
parameter b can be used to obtain an estimation of the anisotropy:  
𝐾 =⁡𝜇0𝑀𝑠(
15𝑏
4
)1/2  (3.16) 
The problem with this kind of estimations is normally it is assumed that the MNPs are 
uniaxial, non-interacting and superparamagnetic, which is not always true. In addition, the 
measurements are indirect, which means that the anisotropy is not measured directly.  
In order to overcome these limitations, we have decided to use Transverse 
Susceptibility.  Transverse susceptibility (TS) is a resonant radio frequency technique based 
on a high precision, self-resonant tunnel-diode oscillator, which has been validated by the 
Functional Materials Lab over the years as an excellent direct probe of the dynamic 
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magnetization and effective anisotropy fields in a wide range of magnetic materials.11, 12. By 
using TS measurements one can directly probe the anisotropy, and inspect how it changes 
with temperature and orientation of the sample. In addition, the measurement is extremely 
sensitive to small changes in the value of anisotropy, which sometimes are hard to 
distinguish with other techniques. The technique can also give some insight of changes in the 
anisotropy direction and can somehow help with the decoupling different contributions to 
the anisotropy. For example, in core/shell MNPs, the effective anisotropy consists of the two 
contributions: the anisotropy of the core and the anisotropy of the shell, which can be 
effectively separated with this technique.11 Figure 3.7 shows a schematic of the TS device we 
are using in Functional Materials Lab. 
 
 
 
 
 
Figure 3.7: Schematic of the Transverse Susceptibility system: (a) LC circuit with a resonating inductor inside 
which the sample is placed, (b) the sample holder with the self-resonant tunnel-diode oscillator (TDO). 
Adopted from “In-plane and out-of-plane transverse susceptibility in close-packed arrays of 
monodisperse Fe nanoparticles”, P. Poddar, J. L. Wilson, H. Srikanth, D. F. Farrell, and S. A. Majetich, 
Phys. Rev. B 68, 214409 – Published 8 December 2003, ©2003 American Physical Society). 
 
  
(a) (b) 
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As depicted in Figure 3.7 (a), the sample is housed in an inductive RF coil, which 
generates a small amplitude (<5 Oe) AC field, Hac, to perturb the magnetization of the sample. 
The coil is part of a probe integrated into our Physical Properties Measurement System 
which provides the dc field and the variable temperature. The change in resonant frequency 
of the circuit under the influence of a changing external DC magnetic field, H, can be directly 
related to the sample susceptibility through the inductance. The relative change in 
transverse susceptibility is expressed by: 
𝛥𝜒𝑇
𝜒𝑇
(%) =
𝜒𝑇(𝐻𝑚𝑎𝑥)−𝜒𝑇(𝐻)
𝜒𝑇(𝐻𝑚𝑎𝑥)
⁡×100  (3.17) 
Where Hmax is the maximum applied DC magnetic field. 
 
0
0.02
0.04
0.06
0.08
0.1
0.12
-20 -15 -10 -5 0 5 10 15 20


/
(
%
)
H (kOe)
300 K
50 K
 
Figure 3.8: Bipolar Transverse Susceptibility scans taken at 300 and 50 K. 
 
 
Figure 3.8 shows the typical bipolar TS scans, Δχ/χ, measured for iron oxide MNPs at 
two different temperatures, 300 K and 50 K. The magnetic field is swept first from positive 
to negative saturation and vice versa. As can be seen, the TS curves present two peaks, which 
can be related to the effective switching (±HS) and anisotropy fields (±HK). The analysis of 
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how these peaks shift with field and temperature gives insight into the fundamental nature 
of these magnetic systems.  
 
3.4 Magnetic hyperthermia 
For the magnetic hyperthermia measurements, we have employed a combinations of 
both calorimetric and AC magnetometry methods.13 This combination has provided us with 
a more quantitative and better analysis of the hyperthermia results. The basic principles of 
both measurements were explained in Chapter 2. 
Figure 3.9 shows the setup we have used for calorimetric hyperthermia 
measurements, which includes an AC magnetic field generator and a temperature controller 
to record the heating curves. The system is a commercial 4.2 kW Ambrell Easyheat Li3542 
model, and the setup basically consists of a power source which is connected to a coil 
mounted on a work head to generate an AC magnetic field. To avoid the heat generated by 
the coil affecting the sample, the coil is made of hollow thin pipe to allow water flow into the 
pipe and refrigerate it. The sample was dispersed in water or agar inside a glass vial and 
placed in the middle of the coil. The AC magnetic field can be varied by changing the current, 
from 0 to 800 Oe, and the frequency can be increased by using coils with different areas and 
number of turns or by changing the capacitors inside the workhead. In our measurements, 
the frequency was kept constant on 310 kHz and AC magnetic field was varied from 200 to 
800 Oe.  The temperature was measured over a period of 300 seconds by a fiber optic 
thermocouple which was placed inside the sample and connected to a temperature 
controller. The heating curves were obtained by plotting temperature versus time. As has 
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been mentioned in chapter 2, the initial slope of these heating curves will be used to calculate 
the SAR value. 
 
 
Figure 3.9: 4.2 kW Ambrell Easyheat Li3542 magnetic hyperthermia system available at the Functional 
Materials Laboratory. 
 
 In case of AC magnetometry, our collaborators in Spain have used a lab-made AC 
magnetometer to measure precisely the dynamic hysteresis cycle of nanoparticle powders 
or dispersions. As explained in Chapter 2, the SAR value of the nanoparticles can be directly 
acquired from the dynamic hysteresis loops. Figure 3.10 (a) shows the lab-made setup which 
has been used for our AC measurements. The system is composed of a variable parallel LCC 
resonant circuit powered by a linear power amplifier. The inductor or the main coil is a 
cylinder of 3.5 cm3 volume with 15 mm diameter and 20 mm height. Similar to our DC setup, 
the coil is made of hollow pipe of 6 mm diameter to let the water in, for refrigerating the coil 
and avoids heating the sample by the heat produced by the coil. A control coil is coupled to 
the main coil allowing us to measure the magnitude and phase of the magnetic field directly, 
while two concentric and oppositely wound pick-up coils connected in series are placed 
inside the main inductor to record the AC hysteresis loop. Figure 3.10 (b) shows a schematic 
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of the main coil and the pickup coils. The device is able to provide a controllable and 
homogeneous AC magnetic field in a wide frequency range from 149 to 1030 kHz and a large 
field intensity which is up to 400 Oe at low frequencies and up to 300 Oe at frequencies above 
1 MHz. 14  
 
     
Figure 3.10: (a) Home-made AC magnetometry setup at the University of Basque Country, and (b) schematic 
of the pickup coils of the AC magnetometer. 
 
3.5 Error Analysis 
All the previously described characterization techniques have a certain error 
associated to the instrument resolution, the accuracy of the measurement, 
environmental factors, calibration, etc. Here we present a complete description of the 
uncertainty related to each one of the individual techniques that have been used in 
this Dissertation. Therefore, the uncertainty values described here can be considered 
applicable to all the measurements presented in the next chapters.  
In the case of the structural characterization techniques, the position of the 
peaks obtained in X-ray diffraction has an instrumental error of ∆θ = 0.05°, while the 
(a) (b) 
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Transmission Electron Microscope provides a 0.45nm point-to-point resolution. On 
the other hand, the average size of the nanoparticles determined from particle 
diameter counting in TEM images presents a standard deviation σ that normally 
varies between 1 – 5 nm, depending on the size of the nanoparticles. The specific σ 
values have been explicitly indicated in the text.  
For the magnetic characterization, the Vibrating Sample Magnetometer 
presents a noise of 0.5 10-6 emus in the determination of the magnetic measurement 
at a collection rate of 1 point/second. As indicated by the vendor, the accuracy for the 
determination of the temperature is around 0.5% and the magnetic field error can be 
up to 20 Oe for our 7 T magnet. These magnetic measurements are generally 
normalized by the mass of material. The determination of the mass of the sample has 
an associated error of 0.05 mg due to the resolution of the scale. On the other hand, 
transverse susceptibility measurements present very high sensitivity, around ±10-9. 
Finally, concerning magnetic hyperthermia measurements, for the calorimetric 
measurements, the fiber optic temperature sensor has an accuracy of ±0.2°C, while 
the magnetic field exhibits an accuracy of 5% as determined from calibration both in 
calorimetric and hyperthermia methods. For the SAR determination, an error of 10-
15%, depending on the magnitude of the field applied, has been found, associated to 
the standard deviation for n = 3 replicates, independently of the system. See for 
example, Figure 3.11.  
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Figure 3.11: SAR values obtained for spherical and cubic nanoparticles of the same volume measured at 310 
kHz and H=400–800 Oe. 
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CHAPTER 4: SYNTHESIS 
 
4.1 Introduction 
All the MNPs presented in this dissertation have been prepared in the Functional 
Materials Laboratory. The different shaped nanoparticles (core/shell, sphere, cube, and 
octopods) were synthesized by thermal decomposition of organometallic compounds. 
Nanorods were prepared by Dr. Raja Das through hydrothermal method and Dr. Hafsa Khurshid 
prepared nanowires by electrochemical deposition.  
Most magnetic materials can be synthesized as magnetic nanoparticles but there are some 
factors which should be considered in terms of safety requirements and biocompatibility. Iron is 
one of the most common magnetic elements which can be found in the Earth’s crust and it has 
oxidation states ranging from -2 to +6. The most common oxidation states of iron are +2 and +3. 
Iron oxides’ biocompatibility and magnetic properties make them good candidates for biomedical 
applications like magnetic separation, cell labeling, MRI, drug delivery, magnetic hyperthermia, 
etc.1   
Among all the possible methods typically used to synthesize iron oxide nanoparticles, such 
as co-precipitation, sol-gel, laser induced ablation of macroscopic targets of iron or iron oxide, etc., 
we have chosen thermal decomposition and hydrothermal method to synthesize our Fe3O4 
nanostructures. Both methods provide a good control over the shape and size of nanoparticles and 
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enable us to synthesize nanoparticles with good crystallinity and monodisperse size distribution.2 
We have observed however that thermal decomposition provides a better control on the 
morphology of the nanoparticles. Therefore, in this study most of the nanoparticles have been 
synthesized by thermal decomposition, and only the nanorods have been prepared through the 
hydrothermal method. A nice comparison of the advantages/disadvantages of both methods can 
be found in Table 4.1. 
 
Table 4.1. Comparison of the synthetic methods (reproduced from “Magnetic Nanoparticles: Synthesis, 
Protection, Functionalization, and Application”, An-Hui Lu,E. L. Salabas,Ferdi Schüth, Feb 5, 2007, 
copyright John Wiley and Sons). 
Synthetic 
method 
Synthesis Reaction 
temp. 
[°C] 
Reaction 
period 
Solvent Surface-
capping 
agents 
Size 
distrib
. 
Shape 
control 
Yield 
thermal 
decomposition 
complicated, 
inert 
atmosphere 
100–320 hours–
days 
organic 
compou
nd 
needed very 
narrow 
very 
good 
high/sca
lable 
hydrothermal 
synthesis 
simple, high 
pressure 
220 
hours ca. 
days 
water-
ethanol 
needed 
very 
narrow 
very 
good 
medium 
 
Finally, I have also included the description of the synthesis of the FeCo nanowires, which 
Dr. Hafsa Khurshid prepared them by electrochemical deposition route. This technique is not 
adequate for the synthesis of nanoparticles, but it allows us to fabricate wire-like nanostructures. 
Despite this, electrochemical deposition presents a series of limitations that finally led us to favor 
the use of hydrothermal methods to synthesize this kind of 1D nanostructures, as will be discussed 
later.  
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4.2 Thermal Decomposition 
Here I describe the specific details of the synthesis route followed to obtain the different shapes 
of iron oxide nanoparticles (core/shell, hollow, sphere, cube, and octopods). 
4.2.1   Synthesis of core/shell Fe/γ-Fe2O3 and hollow γ-Fe2O3 nanoparticles 
Figure 4.1 (a) shows the setup which has been used to prepare the samples and figure 
4.1 (b) presents a schematic of the reaction route. A three-necked flask was charged with 
oleylamine, 70%, and 1-octadecene, 90%, and the mixture was stirred at 140°C under a flow 
of 95% Ar + 5% H2 gases for two hours to make sure that there was no trace of moisture or 
air in the flask. The temperature was raised subsequently to 220°C where iron 
pentacarbonyl, Fe (CO2)5, was injected and left to reflux for 20 minutes. After injection, the 
iron pentacarbonyl immediately decomposed into iron fragments, which are the onset for 
nanoparticle formation (black precipitate). Acetone and/or CO gas formed in the reaction 
vessel (white smoke) and the reaction temperature raised a few degrees because of its 
exothermic nature.3 The injection temperature is important to have a narrow size 
distribution. When the temperature is high enough, nucleation happens very fast which 
results in a narrow size distribution. Following reflux, the sample was cooled down to room 
temperature.  
The average particle size of the core/shell nanoparticles was controlled by varying 
the injection temperature and/or amount of oleylamine. For example, by decreasing the 
amount of oleylamine, the size of nanoparticles tends to increase. Table 4.2 shows how 
decreasing the amount of oleylamine increases the size of MNPs. Note that the reflux 
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temperature and amount of iron pentacarbonyl was fixed at 220 °C and 0.4 ml, respectively. 
When the nucleation happens, iron pentacarbonyl decomposes, numerous nuclei will form 
and saturate the reaction medium. These nuclei aggregate to form iron nanoparticles. The 
growth will not happen until the nuclei saturate the reaction medium. When the amount of 
oleylamine is increased, more nuclei are needed to saturate the medium. By decreasing the 
amount of oleylamine, the saturation of the nuclei happens faster and more reactant can 
contribute to the growth process, which results in larger nanoparticles.4 After the formation 
of iron nanoparticles, the surface layer of the nanoparticles will oxidize and form a thin layer 
(2-3 nm) of γ-Fe2O3 around the iron core. 
 
   
 
 
 
  
 
 
Figure 4.1: (a) Schematic of the thermal decomposition synthesis setup (b) and diagram of the different 
reaction steps followed for the synthesis of core/shell nanoparticles. 
 
Another way of controlling the size of nanoparticles is by changing the injection 
temperature (See table 4.2). If the amount of oleylamine and iron pentacarbonyl is fixed at 
Precursor 
injection 
Gas in 
Thermocouple 
Oil bubbler 
Heating mantle 
Septum 
Water out 
Water in 
Time 
T
e
m
p
e
ra
tu
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Reflux 
Degassing 
OA, OY Room  
Temperature 
140 °C 
220 °C 
Ar+ 5% H 
Ar+ 5% H 
(a) (b) 
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0.6 ml and 0.4 ml respectively, it can be observed that the size of nanoparticles increases by 
increasing the injection temperature. When the temperature is increased, the nucleation 
happens faster and nuclei saturate the medium quickly. Hence, more reactant remains for 
growth which yields to larger particle size.4   
 
Table 4.2: Control on the size of the core/shell nanoparticles by tuning the injection temperature and the 
amount of oleylamine. 
Oleylamine 
(ml) 
Size 
(nm) 
TEM  Temperature 
(°C) 
Size 
(nm) 
TEM 
1.5 8 
 
 220 12 
 
1 10 
 
 230 13 
 
0.6 12 
 
 240 15 
 
 
 
In order to obtain the hollow nanoparticles, we made use of the inherent Kirkendall 
effect5 that can be observed in core/shell nanoparticles. Figure 4.2 shows a schematic of this 
process. The Kirkendall effect is a slow oxidation process. Due to the presence of the iron 
oxide layer, the electrons from the core tunnel through the oxide layer at surface and ionize 
the oxygen leading to an electric field between metal core and surface oxide layer. This 
electric field will subsequently drive the outward diffusion of iron ions. The rate of diffusion 
70 
 
of iron is much faster than the rate of diffusion of oxygen which will generate vacancies at 
the interface. The super saturation of these vacancies will generate a void and the 
nanoparticles become core/void/shell. The void will increase with time and  eventually lead 
to the formation of a hole at the center of particle and the nanoparticles will become 
completely hollow.6, 7   
 
Figure 4.2: Schematic representation of the hollowing process in core/shell nanoparticles due to the 
Kirkendall effect (Adopted from: “Core/shell iron/iron oxide nanoparticles: are they promising for 
magnetic hyperthermia?”, Z. Nemati, J. Alonso, H. Khurshid, M. H. Phan, and H. Srikanth, RSC Adv., 2016, 
6, 38697). 
 
For smaller sizes of core/shell nanoparticles (~8nm), the core disappears in four 
weeks and the nanoparticles become completely hollow. For the bigger sizes (> 10 nm), this 
process takes a longer time due to the larger core size. We have observed that even after 6 
weeks there is still a noticeable (though shrunk) core inside the nanoparticles. 
 
 
Figure 4.3: TEM images of the (a) core/shell, (b) core/void/shell, and (c) hollow nanoparticles. 
⁺
 
⁺
 
⁺
 
⁺
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In our work, hollow nanoparticles were mostly produced by further oxidizing their 
core/shell counterparts, which accelerates the Kirkendall process. For example, to create 12 
nm hollow particles, the core/shell sample was annealed at 180°C for one hour under a flow 
of oxygen. Both core/shell and hollow nanoparticles were washed with a mixture of 3 ml 
hexane, 95%, and 97 ml ethanol, ≥99.5%. Figure 4.3 shows TEM images of typical hollow -
Fe2O3 nanoparticles. 
 
4.2.2   Synthesis of spherical, cubic, and octopod iron oxide nanoparticles  
Different sizes of solid spherical, cubic, and octopod Fe3O4 nanoparticles were 
synthesized by thermal decomposition of organometallic compounds. Figure 4.4 (a) shows 
the TEM images of spherical, cubic, and octopod nanoparticles, and (b) shows a schematic of 
the synthesis procedure. A three-necked flask was charged with oleylamine, 70%, oleic acid, 
90%, and iron (III) acetylacetonate. The mixture was stirred magnetically under 95% Ar + 
5% H2 gases for 2 hours at 130°C to remove moisture or air from the flask. The temperature 
was raised subsequently to 220°C. In this step, nucleation takes place, which is very 
important to obtain a monodisperse sample. However, a long nucleation time leads to a large 
size distribution. Therefore, it is very important to determine the appropriate nucleation 
time for each desired nanoparticle size.  
After nucleation, the temperature was raised for reflux, where the nanoparticles are 
formed. The reflux temperature depends on the desired size and shape. In case of spherical 
nanoparticles, the reflux temperature can be increased up to 350 °C to form nanoparticles 
with average size of 99 nm. For other shapes, increasing the reflux temperature more than 
300 °C results in deformed nanoparticles. Increasing the temperature more than 350 °C 
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results in the formation of iron carbide, FeC phase, which is not interesting in this study. 
Eliminating the nucleation step and increasing the temperature directly to the reflux stage 
lead to a wide size distribution because the growth of the nuclei under these reaction 
conditions is not a fast process.8 After reflux, the sample was cooled down to room 
temperature.   
 
 
 
 
 
 
 
 
 
Figure 4.4: (a) TEM images of spherical, cubic, and octopod nanoparticles, and (b) a schematic of synthesis 
procedure (Reproduced from: “Enhanced Magnetic Hyperthermia in Iron Oxide Nano-Octopods: Size 
and Anisotropy Effects”, Z. Nemati, J. Alonso, L. M. Martinez, H. Khurshid, E. Garaio, J. A. Garcia, M. H. 
Phan, and H. Srikanth, J. Phys. Chem. C, 2016, 120 (15), pp 8370–8379). 
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The resulting product is a mixture of exchange coupled FeO/Fe3O4 nanoparticles. The 
FeO phase presents low saturation magnetization and therefore is not interesting for most 
of our study. To convert the remnant FeO to Fe3O4, the mixture was annealed at 175°C for 
1.5 hours and washed with a mixture of 3 ml Hexane, 95%, and 97 ml Ethanol, ≥99.5%. Figure 
4.5 (a) shows the XRD result and (b) M-H curve at room temperature for 35nm nano-
octopods. The XRD pattern clearly shows that the as-made sample is mostly FeO, while the 
annealed sample is mostly Fe3O4. This can also be confirmed by the measured hysteresis 
loops: the higher saturation magnetization value for the annealed sample confirms that the 
sample is mostly Fe3O4.  
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Figure 4.5: (a) XRD patterns and (b) M-H loops for 35nm nano-octopods, as-made and after annealing for 1h.  
The as-synthesized oleic acid coated hydrophobic nanoparticles were coated with 
tetraethyl ammonium hydroxide (TMAH) to make them hydrophilic and water dispersible. 
Tuning ratio of OA/OY essentially controlled the shape of the nanoparticles. To form 
cubic and octopod nanoparticles the ratio of OA/OY should be 1 while for spherical 
nanoparticles the OA/OY ~ 7/10 results in a better quality of the shape. Reflux time is 
(a) (b) 
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another parameter that has an important role in forming the desired shape. For example, the 
reflux time needed to form octopods is about 30 minutes; and keeping the solution at reflux 
temperature for more than an hour yields deformed nanoparticles. Table 4.3 shows the 
minimum and maximum reflux time for each sample. Keeping the reactants at reflux 
temperature more than the maximum time suggested, results in deformed nanoparticles. 
 
Table 4.3: Control on the shape of the nanoparticles by changing the reflux time. 
Shape Minimum 
Reflux Time 
(min) 
Maximum 
Reflux Time 
(min) 
TEM 
Spheres 90 240 
 
Cubes 60 90 
 
Octopods 30 45 
 
 
In order to tune the size of the nanoparticles, the nucleation time, reflux temperature, 
and amount of precursor were varied. Depending on the desired size, 30 to 60 minutes was 
considered for nucleation time. Table 4.4 shows how increasing the nucleation time will 
increase the size of cubic and octopod nanoparticles. 
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Table 4.4: Control on the size of nanoparticles by increasing the nucleation time. 
Nucleation Time  
(min) 
Cubic MNPs 
Size 
 (nm) 
TEM Octopod MNPs 
Size  
(nm) 
TEM 
30 35 
 
35 
 
40 43 
 
47 
 
60 100 
 
deformed 
 
 
Apart from the nucleation time and reflux temperature another parameter that is very 
important in controlling the size of nanoparticles is the amount of precursor. Table 4.5 shows 
the dependence of size to amount of the precursor (Fe(acac)III) while keeping the other 
parameters constant. 
Table 4.5: Dependence of the size of the nanoparticles on the amount of precursor. 
Fe(acac)III 
(gr) 
Sphere 
Size 
(nm) 
TEM  Fe(acac)III 
(gr) 
Octopod 
Size 
(nm) 
TEM 
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4.3 Hydrothermal Method 
Hydrothermal method was used to synthesize Fe3O4 nanorods with tunable aspect 
ratio.9 In this synthesis iron pentacarbonyl was used as precursor and oleic acid as capping 
agent. Oleic acid (OA) and Hexadecylamine (HAD) have been mixed in 1-octanol and the 
mixture was magnetically stirred and heated to 55 °C and to form a clear solution. After 30 
min, the solution was cooled to room temperature and iron pentacarbonyl was added. The 
mixture again was magnetically stirred for 60 min. Then the solution was heated to 200 °C 
under autogenous pressure in a 45 mL autoclave with a Teflon lining (see Figure 4.6 (a)). 
The solution was kept at this temperature for 6 hours and then cooled down to room 
temperature and washed with ethanol three times and the resulting sample was stored in 
hexane. The sample was coated with tetraethyl ammonium hydroxide (TMAH) to make it 
0.7 16 
 
 0.7 25 
 
1.4 30 
 
 1.4 35 
 
2.5 35 
 
 1.8 40 
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hydrophilic and water dispersible. Figure 4.6 (b) shows the TEM image of one of the 
prepared samples. 
 
      
Figure 4.6: (a) Schematic depiction of the autoclave used for hydrothermal synthesis and (b) typical TEM 
image of nanorods. 
 
The aspect ratio of the nanorods can be tuned by controlling the amount of 
hexadecylamine. In the hydrothermal condition, oleic acid condenses with hexadecylamine and 
water will form as a byproduct. The iron oleate, which is formed due to the reaction of iron 
pentacarbonyl with oleic acid, was hydrolyzed by this byproduct water. Table 4.6 shows how the 
aspect ratio changes by tuning the amount of hexadecylamine and keeping the other reaction 
parameters’ constant. 
 
Table 4.6: Dependence of the aspect ratio of the nanorods on the amount of Hexadecylamine. 
 
 
 
 
 
 
Hexadecylamine (g) average length 
(nm) 
average width 
(nm) 
Aspect 
ratio 
1.2 41 7 5.8 
0.6 65 5.7 11 
0.44 56 10 5.6 
a) b) 
100 nm 
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4.4 Electrochemical Deposition 
Fe55Co45 nanowires of various lengths (2–40 μm) and diameters (100 and 300 nm) 
were synthesized using electrochemical deposition of Fe and Co in anodized alumina 
templates (see Figure 4.7 (a)).10 Commercially prepared Anodic Aluminum Oxide (AAO) 
templates were used in this synthesis. The templates had a thickness of 50 μm, pore 
diameters of 100 nm (300nm), and an average center to center spacing of ~300nm (700nm) 
between the pores. To create an electrode on the template, a 100 nm layer of Cu was 
sputtered on one of the sides of the AAO template. 
The electrolyte was composed of salts of 0.1 M solutions of CoCl2.6H2O and FeCl2.xH2O 
each. The process was finished after 50 min at room temperature. A graphite electrode was 
used to conduct a DC voltage at an initial current density of 100A/m2. After starting the 
process, a variation in current density indicates the deposition of Fe and Co within the AAO 
template. To adjust the pH of the solution to the desired values, diluted NaOH and H2SO4 
were used. By varying the deposition time, the length of the nanowires can be easily 
controlled. When the deposition was completed the template was dissolved in a 1M NaOH 
solution.11 Figure 4.7 (b) shows the TEM images of the nanowires after dissolving the 
template. 
The main problem related to this technique is the limitation in the minimum width 
(size of the pore) and length (deposition time) of the nanowires that can be obtained through 
this technique. In comparison, hydrothermal methods allow us to obtain more uniform and 
smaller 1D nanostructures, and therefore they were finally favored. 
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Figure 4.7: (a) Schematic depiction of the electrochemical deposition setup and the extraction of the nanowires 
from the AAO membraned, and (b) typical TEM image of these nanowires. 
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CHAPTER 5: CORE/SHELL Fe/γ-Fe2O3 AND HOLLOW γ-Fe2O3 
NANOPARTICLES  
Reproduced from: “Core/shell iron/iron oxide nanoparticles: are they promising for magnetic 
hyperthermia?”, Z. Nemati, J. Alonso, H. Khurshid, M. H. Phan, and H. Srikanth, RSC Adv., 2016, 
6, 38697, with permission from The Royal Society of Chemistry. 
 
5.1 Introduction 
Different strategies have been proposed to improve the heating efficiency of the 
nanoparticles, mainly by tuning physical parameters such as size, saturation magnetization 
and effective anisotropy of the MNPs.1, 2, 3, 4 For biomedical applications, in principle, small 
biocompatible iron oxide (magnetite/maghemite) magnetic nanoparticles have been 
considered as the most desirable due to their intrinsic biocompatibility and to the low 
tendency to aggregation.5, 6 The problem is that the saturation magnetization, and hence the 
magnetic response against an external field, of these iron oxides is relatively low (80-90 
emu/g) if we compare it with other materials such as Fe (220 emu/g) or Co (162 emu/g). In 
the particular case of magnetic hyperthermia, the obtained heating efficiency or specific 
absorption rate (SAR) of the MNPs is proportional to the hysteresis loop area7, and thereby 
to the saturation magnetization (Area ≈ 4 × Saturation Magnetization × Coercive field). 
Hence, the relatively low saturation magnetization of iron oxide MNPs hinders their 
application in biomedicine. In addition, it has been consistently reported that as the size of 
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iron oxide MNPs decreases, the saturation magnetization also tends to decrease; thus, their 
heating efficiency further diminishes.8, 9 In order to overcome these limitations, different 
groups have proposed using core/shell (C/S) MNPs in which the core is made of a high 
magnetic moment material (e.g. iron) while the shell is made of a biocompatible material 
(e.g. iron oxide).10, 11, 12 Iron/iron oxide C/S MNPs have been proposed for different 
biomedical applications, including Magnetic Resonance Imaging (MRI)13, 14, 15, drug 
delivery16, 17, magnetic hyperthermia12, 18, etc.  
On the other hand an interesting byproduct of core/shell systems is the exchange 
coupling across the core–shell interface that is frequently seen in the form of exchange bias 
(EB), a horizontal shift in the hysteresis loop accompanied by an increase in coercivity after 
cooling in a magnetic field19, 20, a well-known phenomenon observed in different 
nanostructures, such as ferromagnet/antiferromagnet (FM-AFM), ferromagnet/spin glass, 
ferrimagnet/ferrimagnet, etc.21 The exploration of EB on the core–shell nanoparticles has been 
proposed to be a promising approach to overcoming the superparamagnetic (SPM) limit in 
nanoparticles, a critical bottleneck for magnetic data storage applications22. We have 
performed some fundamental studies on core/shell, core/void/shell Fe/γ-Fe2O3 and hollow γ-
Fe2O3 MNPs which have been discussed in Appendix A.  
Despite these promising applications, there is an inherent problem associated with 
the core/shell morphology that has not been paid enough attention, as will be explained in 
the following lines. During the synthesis of these core/shell nanostructures, the metal (iron) 
nanoparticle normally interacts with a reactive environment that produces a shell (iron 
oxide) that covers the metal core. When the outward diffusion of cations through this shell 
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is faster than the inward diffusion of anions, a supersaturation of vacancies is created in the 
metal core, (Kirkendall effect23). These vacancies eventually coalesce into single or multiple 
pores that consume the core and will condense to form hollow MNPs24, 25, 26, 27. This 
progressive shrinkage of the iron core continuously reduces the saturation magnetization of 
the MNPs, and hence decreases their magnetic response, which can undermine their 
efficiency in biomedical applications in general, and in magnetic hyperthermia in particular.  
Therefore, in order to realize the successful application of the iron/iron oxide 
core/shell MNPs for hyperthermia, it is necessary to improve the stability of the MNPs 
against the Kirkendall effect. To this respect, we have observed that this hollowing process 
is size dependent, and for smaller sizes of MNPs, they become completely hollow in a few 
weeks, while for the bigger ones the process occurs in a much slower manner. 
Considering this, in this chapter we present a thorough study of how the magnetic 
response and the heating efficiency of the core/shell nanoparticles changes as they become 
hollow, for three different sizes of 8, 12 and 14 nm. 
 
5.2 Structural Characterization 
Figure 5.1 shows the TEM images for the core/shell and hollow nanoparticles 
prepared in this study. As indicated before, the hollow nanoparticles were obtained by 
annealing the corresponding core/shell ones: C/S 8 nm/H 10 nm, C/S 12 nm/H 14 nm, C/S 
14 nm/H 18 nm. All the particles exhibit a nearly monodisperse size distribution (see the 
insets to Figure 5.1). A better depiction of the core/shell and hollow morphologies can be 
obtained through the HRTEM images presented in the insets to Figure 5.1. While in the 
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core/shell morphology, a clear crystalline core appears in the center of the nanoparticles 
(see HRTEM insets), for the hollow ones, the core completely disappears, and only a shell 
formed by several nanograins can be seen, as has been previously reported by our group.27, 28 
We have observed that as the particles become hollow, their average diameter and shell 
thickness increase, due to the diffusion of atoms from the core to the shell.  
 
Figure 5.1: Transmission electron microscope (TEM) images for different sizes of the core/shell (C/S) and 
hollow (H) nanoparticles which are obtained after annealing the C/S nanoparticles. In the insets, detailed high 
resolution TEM images are presented clearly showing the presence or absence of the core, and the size 
distribution for one of the samples is included. 
 
The increase in size has been indicated in Figure 5.1 and Table 5.1. For all the samples, 
just after 1 week, a small shrinkage of the core can already be observed, indicating that the 
diffusion process starts immediately after synthesizing the samples. However, in the case of 
the smallest samples (8 nm), they become completely hollow just after 4 weeks, while for 
the biggest ones (14 nm) the process is more slow, and it takes several months to observe a 
nearly hollow morphology.  
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Table 5.1: Core size, shell thickness, and total diameter as obtained from the TEM images for the different samples. 
 8 nm C/S 12 nm C/S 14 nm C/S 10 nm H 14 nm H 18 nm H 
Core 3.6 6.1 7.2 --- --- --- 
Shell 2.0 3.1 3.2 2.5 3.6 4.2 
Total 7.6 12.3 13.6 10.4 13.9 17.6 
 
 
 
The XRD analysis shown in Figure 5.2 for the biggest core/shell and hollow 
nanoparticles reveals that the diffraction peaks nearly completely disappear as the particles 
become hollow, indicating that the hollow morphology presents a poorer crystallinity than 
the core/shell one. As was mentioned before, we have observed that the Fe core is single 
crystalline in these nanoparticles, while the shell is composed of very small nanograins. The 
peak positions for the core/shell and hollow nanoparticles correspond to an iron oxide 
phase, either maghemite or magnetite.  
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Figure 5.2: XRD data for the core/shell (14 nm-C/S) and hollow (18 nm-H) nanoparticles. 
 
No apparent peak for the Fe phase is in principle obtained in the case of the core/shell 
nanoparticles. Nevertheless, we know from high resolution transmission electron 
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microscope (HRTEM) images27 that the core shows a lattice spacing of 2.02 Å corresponding 
to (110) planes of bcc iron. Therefore; the diffraction peak (110) corresponding to the Fe 
core could be overlapped with the peak (400) of the iron oxide phase, as has been indicated 
in Figure 5.2. On the other hand, it is not possible to discern between maghemite and 
magnetite from XRD analysis, but previous X-ray absorption spectroscopy (XAS) studies28 
carried out on these samples reveal that the shell is mostly composed of maghemite (γ-
Fe2O3). Overall similar results have been obtained for the rest of the samples, although it has 
been noted that as the particles become smaller, their crystallinity deteriorates. 
 
5.3  Magnetic Characterization 
Once the samples have been structurally characterized and the dimensions of the 
nanoparticles have been appropriately determined, we have analyzed their magnetic 
response as a function of the applied magnetic field. As was commented in the Introduction, 
the heating efficiency of the nanoparticles is directly related to the hysteresis loop area, and 
therefore to the saturation magnetization of the samples. The magnetization vs. field 
measurements have been obtained at room temperature, close to the range of temperatures 
usually reached during hyperthermia treatment. Figure 5.3 shows the comparison in the 
magnetic response between the different core/shell and hollow nanoparticles. It can be seen 
that with increasing size, the shape of the M–H loops for the core/shell samples does not 
change appreciably, but their saturation magnetization, MS, increases from 25 to 60 emu/g. 
On the other hand, the M–H loops for the hollow nanoparticles exhibit a pronounced high 
field slope, and a much-reduced MS value in comparison with their core/shell counterparts, 
especially for the ones with the smallest size. It can be noted that the obtained MS values are 
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much smaller than those expected considering the bulk MS values of Fe and γ-Fe2O3. For 
example, in the case of the 14 nm core/shell MNPs, considering that the core (shell) occupies 
around 15% (85%) of the total volume of the NP, with a density of ρc = 7.9 g/cm3 (ρsh = 4.9 
g/cm3), and the saturation magnetization value is Mc= 220 emu/g (Msh= 80 emu/g), it is easy 
to estimate a theoretical value, by using the following formula: 
 
𝑀𝑠(𝑒𝑚𝑢/𝑔) =
𝑀𝑠ℎ∙𝑉𝑠ℎ∙𝜌𝑠ℎ+𝑀𝑐∙𝑉𝑐∙𝜌𝑐
𝑉𝑠ℎ∙𝜌𝑠ℎ+𝑉𝑐∙𝜌𝑐
  (5.1) 
 
A theoretical value of ~110 emu/g calculated for the saturation magnetization of the 14 nm 
core/shell MNPs. This value is much higher than the one obtained experimentally. A possible 
explanation for this is the presence of magnetically disordered atoms at the surface of the 
nanoparticles as typically reported in small magnetic MNPs.29  
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Figure 5.3: Magnetization vs magnetic field (M-H) measurements at room temperature for the different sizes 
of core/shell and hollow nanoparticles. In the inset, the M-H loops of the 14 nm core/shell and the 15 nm solid 
nanoparticles are compared. 
If we consider the presence of 2 magnetic dead layers for the shell (inner and outer 
surface) and 1 magnetic dead layer for the core (surface), the final value obtained for MS 
(~65 emu/g) is close to the experimental one. This suggests that the additional 
(a) (b) (c) 
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surfaces/interface originated due to the core/shell morphology, give rise to additional 
magnetically disordered layers that contribute to decrease of the MS value of the core/shell 
nanoparticles, therefore undermining their advantages over the commonly employed pure 
γ-Fe2O3 MNPs. We have precisely compared this value of MS with the one obtained for γ-
Fe2O3 MNPs of similar size (15 nm) synthesized also by thermal decomposition. As indicated 
in the inset to Figure 5.3(c), the MS value for the γ-Fe2O3 MNPs (48 emu/g) is slightly smaller 
than the one obtained for the core/shell Fe/γ-Fe2O3 MNPs. In addition, we have also studied 
how the saturation magnetization evolves as the core/shell nanoparticles become hollow. It 
can be seen that just after 6 weeks since the synthesis of the 14 nm core/shell nanoparticles, 
the MS has appreciably decreased (10%), being this effect even more noticeable for the 
smaller nanoparticles. Therefore, it is expected that for the core/shell nanoparticles, the 
lower than expected MS values together with the progressive decrease of MS as the 
nanoparticles become hollow, is going to negatively affect to their heating capabilities. 
 
5.4  Magnetic Hyperthermia 
In order to determine the heating efficiency of these nanoparticles, we have carried 
out magnetic hyperthermia measurements using a calorimetric setup as was indicated in 
Chapter 2: we have measured the heating curves for the different samples, core/shell and 
hollow, (2 mg/ml) using ac magnetic fields between 200 and 800 Oe, with a constant 
frequency of 310 kHz. After performing all these measurements, only for the 14 nm 
core/shell nanoparticles we observed a discernable heating. In all the other cases (see Fig. 
5.4 (a) for the 8 nm core/shell MNPs) even for higher concentrations of nanoparticles, the 
heating was so small that it is nearly indistinguishable from the ‘background heating’ due to 
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heat transfer from the coil to the sample. In order to calculate and compare the heating 
efficiency of these samples, we have used the initial slope method which has been discussed 
in detail in 2.2.1. As commented before, the final obtained slope ΔT/Δt was corrected to take 
into account the heat transfer from the coil. 
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Figure 5.4: Heating curves obtained for the 8 nm and 14 nm core/shell Fe/γ-Fe2O3 nanoparticles (2 mg/ml) in 
water, measured at different AC fields 200 ≤ H ≤ 800 Oe and frequency of 310 kHz. 
 
In Figure 5.5, we have plotted the SAR vs. field values for the core/shell and hollow 
nanoparticles. As can be observed, the obtained SAR values increase with increasing field, 
reaching a maximum value of 130 W/g at 800 Oe for the core/shell nanoparticles. This value 
is higher than the one obtained for solid γ-Fe2O3 MNPs (the ones described before in the inset 
to Figure 5.3 (c)), as depicted in the figure, indicating that the 14 nm core/shell nanoparticles 
exhibit an improvement in the heating efficiency although not as remarkable as one would 
expect. In addition, we have measured the sample again after 10 days and after 6 weeks, and 
a progressive decrease of the SAR can be observed, due to the shrinking of the core as has 
been seen in TEM images for this sample. 
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Figure 5.5: (a) SAR vs. magnetic field values for the core/shell nanoparticles at different times after their 
synthesis, until they are completely hollow. (b) SAR vs. magnetic field values for core/shell nanoparticles with 
sizes 8, 12 and 14 nm, and comparison with solid nanoparticles of similar size (14 nm). 
 
Considering all these results, we can ask again the question of the title of this article: 
are the core/shell nanoparticles promising for magnetic hyperthermia? The answer is yes, 
but provided their size is big enough to minimize surface disorder and hollowing effects that 
seriously deteriorate their heating efficiency. In our case, we have observed that core/shell 
Fe/γ-Fe2O3 MNPs with a size bigger than 14 nm (7.2 nm for the core) are needed in order to 
observe some improvement in their heating efficiency in comparison with pure γ-Fe2O3 
MNPs of a similar size. 
 
5.5 Summary 
In this chapter, we have analyzed how the magnetic properties and heating efficiency 
of three different sizes of core/shell nanoparticles (8, 12 and 14 nm) change as they become 
hollow due to the Kirkendall effect. The results indicate that the magnetic response and 
heating efficiency improve by increasing the size of the core/shell nanoparticles. In addition, 
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the hollowing effect also slows down for bigger nanoparticles. From all the MNPs studied, 
only for the particles with 14 nm size a discernible heating, bigger than that measured for 
similar sized spherical nanoparticles, has been observed. These results indicate that these 
iron/iron oxide core/shell NPs are only promising for magnetic hyperthermia if their size is 
big enough to minimize surface disorder and hollowing effects that can seriously deteriorate 
their heating efficiency. 
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CHAPTER 6: SPHERICAL AND CUBIC EXCHANGE COUPLED FeO/Fe3O4 
NANOPARTICLES 
Reproduced from: “Anisotropy effects in magnetic hyperthermia: A comparison between 
spherical and cubic exchange-coupled FeO/Fe3O4 nanoparticles”, H. Khurshid, J. Alonso, Z. 
Nemati, M. H. Phan, P. Mukherjee, M. L. Fdez-Gubieda, J. M. Barandiarán, and H. Srikanth, 
Journal of Applied Physics 117, 17A337 (2015). 
 
6.1 Introduction 
As has been discussed in Chapter 5, one of the possible strategies to improve the 
heating efficiency of the nanoparticles for hyperthermia treatment is to increase their 
saturation magnetization. This has some advantages and limitations, as we saw in the 
particular case of the core/shell iron/iron oxide MNPs.  Another less studied possibility is to 
tune the effective anisotropy of the nanoparticles. As we saw in Section 2.6, the heating 
efficiency of the nanoparticles is directly proportional to the hysteresis losses given by the 
AC hysteresis loop area, and therefore, by modifying the anisotropy we can increase that 
area. This opens a wide range of possibilities since MNPs present different kinds of 
anisotropies that can be tuned, as we described in Section 2.4. For example, recently, 
Martinez-Boubeta et al.1 have reported that by tuning the surface anisotropy through 
manipulating the morphology of MNPs their heating efficiency can be improved for 
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hyperthermia treatment. In this case, cubic iron oxide MNPs showed a better heating 
efficiency as compared to their spherical counterparts. Furthermore, Lee et al.2 have 
presented that the effective anisotropy can also be tuned by using exchange-coupled 
nanoparticles (exchange anisotropy) which in return increase the heating efficiency of 
MNPs. Despite these recent promising examples, there are still several questions about the 
efficiency of tuning e anisotropy and about how this approach compares with others such as 
increasing the saturation magnetization and/or varying the size of the nanoparticles.  
Therefore, considering this, in this project we have synthesized same size (~20 nm) 
cubic and spherical composite FeO/Fe3O4 MNPs and determined their heating efficiencies. 
These nanocomposites have been prepared following the method described in our previous 
work.3 In these nanocomposites, the FeO is forming small clusters inside the Fe3O4 
nanoparticles, giving rise to an exchange coupling between both phases. The cubic MNPs 
have higher effective anisotropy (shape and exchange anisotropies), lower saturation 
magnetization, while the spherical MNPs present lower effective anisotropy but higher 
saturation magnetization.  This has allowed us to effectively analyze and compare the 
important roles of both parameters, saturation magnetization and anisotropy, in the heating 
efficiency of magnetic nanoparticles.  
 
6.2 Structural Characterization 
Figure 6.1 presents the XRD results for both samples, and the TEM images are shown 
in the inset. In both cases, we obtained monodisperse and uniform nanoparticles with a 
similar average size of 20±2 nm, as determined by fitting the size distribution to a log-
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normal. We also noticed in the TEM images that the cubes tend to form chain-like structures 
that are not observed in the case of the spheres. This is interesting because it has been shown 
in the literature that this kind of chain like arrangements can increase the effective 
anisotropy of the nanoparticles, due to the dipolar interactions between them, and hence 
improve their heating efficiency.1 From the XRD patterns, we observe several well-defined 
peaks, revealing the high crystallinity of the nanoparticles. The position of the major peaks 
for both samples correspond to magnetite/maghemite phase. In addition, apart from the 
major peaks, we have also observed some small shoulders at 36° and at 42° which reveal the 
presence of an additional FeO phase in our nanoparticles, as was being sought. As indicated 
in Figure 6.1, these FeO peaks, which have been identified by a graphical X-ray line profile 
fitting program (XFIT),4 are more obvious in case of cubic MNPs. This suggests a greater 
relative amount of FeO vs Fe3O4 in the case of the nanocubes. 
 
 
Figure 6.1: XRD data for the spheres and cubes used in this study, together with the fittings of the FeO and 
Fe3O4 phases. In the insets, TEM images of cubic and spherical particles are presented. 
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6.3 Magnetic Characterization 
 
Figure 6.2 shows the DC magnetic measurements for both samples. Figure 6.2 (a) compares 
ZFC/FC M-T curves measured at 50 Oe for spherical and cubic MNPs. The thermal 
dependence of the magnetic behavior of these samples at low fields is very similar and close 
to what has been reported in literature for analogous FeO/Fe3O4 systems.3, 5 As It can be 
observed that there is no maximum for magnetic moment in the investigated temperature 
range (5 to 350 K) which indicates that the MNPs are in a magnetically blocked state at room 
temperature. The ZFC M-T curves present some distinctive features, marked by changes in 
the derivative, as indicated in the figure. TV corresponds with the Verwey transition of 
magnetite while TN is related to the Neel temperature of the antiferromagnetic FeO. Below 
TN the FC M-T curves remain constant which can indicate the existence of a collective spin-
glass like state at low temperatures.  
Despite the similarity of the M-T curves, in figure 6.2 it can be seen that the M-H loops 
for the spherical and cubic nanoparticles exhibit clearly different features. In figure 6.2 (b) 
and (c) the M-H loops at 50 (below TV) and 300 K (above TN) have been presented for both 
samples. From the hysteresis loops we find out that (see Table 6.1) the cubes possess a 
higher coercivity, HC, and a higher normalized remanence Mr/MS, but a lower saturation 
magnetization (MS= 45–48 emu/g) compared to the spheres (MS=71–75 emu/g).  
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Figure 6.2: (a) ZFC-FC curves of the spheres and cubes measured at 50 Oe Hysteresis loops measured at (b) 50 
and (c) 300K for both samples. In the inset to (b), the shifted hysteresis loop of the cubes after FC at 50 kOe is 
presented. 
 
This can be related to the different relative amount of FeO vs Fe3O4 present in both 
samples. Since MS for Fe3O4 MNPs is ~ 80–90 emu/g and for FeO MNPs is <20 emu/g, the 
lower amount of MS for the cubes confirms that the ratio of FeO to Fe3O4 is higher in the cubes 
compared to the spheres.6 Furthermore, because the amount of FeO in cubes is higher the 
FeO/Fe3O4 interface area increase resulting in a larger anisotropy (especially at low 
temperatures) and therefore a larger coercivity (HC) in the cubes, as reflected in Table 6.1. 
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Table 6.1: Magnetization, coercivity and normalized remanence at 300 K and 50 K, for cubes and spheres. 
 HC  
(50 K) 
HC  
(300 K) 
MS  
(50 K) 
MS  
(300 K) 
Mr/MS  
(50 K) 
Mr/MS  
(300 K) 
Spheres 60 5 75 71 0.11 0.00 
Cubes 1050 60 45 48 0.21 0.05 
 
 
The inset in figure 6.2 (b) shows the field cooled M-H loop for the cubes. As explained 
in Appendix A, as a result of the exchange coupling in this kind of composite or core/shell 
nanoparticles, a horizontal shift in the hysteresis loop after field cooling can be obtained, that 
is related to the interesting Exchange Bias phenomenon. While in the case of the spheres, the 
Exchange Bias obtained is nearly negligible, for the cubes an exchange bias field of HEB ~ 950 
Oe was observed, which again confirms the higher ratio of FeO to Fe3O4 in the cubes. 
In order to quantify and compare the effective anisotropy of these nanoparticles, we 
have performed Transverse Susceptibility (TS) measurements (See Section 3.3.3) on the 
samples. As we commented previously, this technique has been validated by our group over 
the years as an excellent direct probe of effective anisotropy fields in a wide range of 
magnetic materials.7 Figure 6.3 show the TS measurements for both samples at 50 K and 300 
K. The curves present two peaks which are related to effective anisotropy (±HK).  
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Figure 6.3: Transverse susceptibility measurements for (a) nanospheres and (b) nanocubes at 50 and 300K. 
 
As can be seen in Figure 6.3 at 300 K both peaks are symmetric. For the spheres the 
peaks are located at ~295 Oe and for the cubes at ~425 Oe. Therefore, the value of the HK for 
the cubes is larger compared to the spheres which is consistent with the previous hysteresis 
loop data. On the other hand, at 50 K the peaks are no longer symmetric and difference in the 
peaks’ height is evident. Co/CoO exchange-coupled MNPs present a similar behavior.8 This 
effect can be associated with the freezing of the magnetic moments of the antiferromagnetic 
material below TN, which generates an additional anisotropy in the system. Consequently, 
for both samples the value of the HK increased at lower temperatures; HK ~745 Oe for the 
spheres and ~925 for the cubes at 50 K. Also, the peak height (∆χ/χ) for the spheres is much 
higher than the cubes. This can be related to the higher ratio of FeO to Fe3O4 in the cubes 
which is in agreement with the M-H and XRD measurements.  
From all these measurements, we can see that at room temperature: 
 MS is 1.5 times bigger for the spheres. 
 HK is 1.5 times bigger for the cubes. 
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These results evidence that our nanocubes and nanospheres, with very similar 
characteristics but different saturation magnetization and effective anisotropy, are ideal 
models to prove the importance of both parameters on the heating efficiency of the 
nanoparticles. 
 
6.4 Magnetic Hyperthermia 
Considering the previous analysis, we have performed magnetic hyperthermia 
measurements following calorimetric methods (see 2.6 and 3.4) and calculated the SAR 
value for both samples to determine how the difference in MS and HK can influence the 
heating efficiency of the MNPs. Figure 6.4 (a) presents the heating curves for both samples. 
As can be seen in the heating curves the heating rate consistently increases with increasing 
the AC magnetic field, and in all the cases, the heating rate for the cubes is higher than 
spheres. This can be confirmed by SAR values shown in figure 6.4 (b). We have also 
compared the SAR values of the MNPs when embedded in agar dispersions (Inset to Figure 
6.4) which are known to mimic the higher viscosity of cancer cells and we have observed 
only a small decrease of SAR value in agar, which demonstrates that these results will still hold 
for in vitro tests. Similar results have been observed for the nanocubes. 
To eliminate the effect of physical rotation in heating efficiency of the MNPs, we have 
also embedded the MNPs in agar dispersions which are known to mimic the higher viscosity 
of cancer cells and limit the physical motion of the MNPs. A comparison of the SAR value of 
the spheres in water and 2% agar at 600 Oe can be observed in the inset of figure 4 (b). It can be 
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seen that the SAR value in agar decreases less than 10% in agar which demonstrates a small 
contribution of physical motion of MNPs in heating efficiency. 
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Figure 6.4: (a) Heating curves for the spheres and cubes measured at 310 kHz and H=400–800 Oe. (b) SAR 
values obtained from the heating curves. In the inset, the SAR values (600 Oe) for the nanospheres in water 
and in agar are compared. 
 
6.5 Summary 
In order to test analyze and compare the importance of the saturation magnetization and 
effective anisotropy in the heating efficiency of the MNPs, we have synthesized two systems of 
20 nm FeO/Fe3O4 nanoparticles with spherical and cubic shapes. By controlling the FeO/Fe3O4 
ratio and the nanoparticle morphology, we have been able to tune their magnetization 
saturation and effective anisotropy and consequently the heating efficiency. As compared to the 
spheres, the cubes possess a smaller MS but a larger Hk and a larger SAR. Therefore, from these 
results we conclude that increasing the effective anisotropy leads to a higher increase in the 
heating efficiency of the exchange-coupled FeO/Fe3O4 nanoparticles than the one obtained 
by increasing their saturation magnetization. This finding clearly puts the emphasis on the 
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possibility of tuning the effective anisotropy of the MNPs for advanced magnetic 
hyperthermia. 
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CHAPTER 7: SHAPE AND SIZE EFFECTS ON THE HEATING EFFICIENCY OF 
Fe3O4 NANOPARTICLES 
Reproduced from: “Enhanced Magnetic Hyperthermia in Iron Oxide Nano-Octopods: Size and 
Anisotropy Effects” Z. Nemati, J. Alonso, L. M. Martinez, H. Khurshid, E. Garaio, J. A. Garcia, M. 
H. Phan, and H. Srikanth, J. Phys. Chem. C, 2016, 120 (15), pp 8370–8379, Copyright © 2016, 
American Chemical Society” 
7.1 Introduction 
As has been discussed in previous chapters, the heating efficiency of the MNPs or SAR 
value can be improved by increasing the area of the AC hysteresis loop, which is essentially 
proportional to the saturation magnetization (MS) and the coercive field (HC) of the MNPs. 
The MS depends on the intrinsic magnetic moment of the atoms in the MNPs, their surface 
disorder, the defects, and vacancies, etc. while HC depends on the effective anisotropy, the 
applied field, etc. One of the parameters that can be tuned to enhance the effective anisotropy 
and; therefore, the heating efficiency of the MNPs is their shape. For instance, iron nanocubes 
display some of the highest specific losses reported in the literature: SAR about 3000 W/g at 
H = 730 Oe and f = 274 kHz.1 In addition, Boubeta et al.2 have reported an improved SAR in 
cube-shaped iron oxide nanoparticles when they form self-assembled chains in comparison 
to their isolated counterparts. 
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Another option to improve the SAR is to tune the size of the MNPs. According to the 
linear response theory of Rosensweig (Neel and Brownian relaxation see section 2.6), the 
SAR of the MNPs is supposed to exhibit a maximum as a function of size, defining an optimum 
size for enhanced hyperthermia.3 The position of this maximum depends, among other 
things, on the saturation magnetization and anisotropy values, and also on the amplitude and 
frequency of the applied field. However, the region of validity of the Rosensweig model is 
limited to small sizes and fields. Recent simulations and numerical studies considering 
nonlinear hysteresis losses have revealed a more complicated evolution of the SAR versus 
size.4, 5, 6 Experimental studies have been performed to analyze how the SAR evolves with the 
size, including the works of Mehdaoui et al.,1 Gonzales-Weismuller et al.,7 Bakoglidis et al.,8 
Ma et al.,9 Lartigue et al.,10 Motoyama et al.,11 Goya et al.,12 Guardia et al.,13 Jeun et al.,14 and 
Lévy et al.15 However, a full understanding cannot be reached due to the lack of a detailed 
and systematic investigation on the SAR versus size. This has  given rise to deviations in the 
reported results, arising mainly from the inherent difficulties in synthesizing monodisperse 
nanoparticles in a wide range of sizes using conventional synthesis methods.16 As the size of 
the MNPs changes, their morphology, size distribution, crystallinity, saturation 
magnetization, etc., will also tend to change, hindering the possibility of obtaining reliable 
experimental data that can be compared to the numerous theoretical predictions. 
Considering all these points, we have developed a novel approach for improvement and 
optimization of the SAR in iron oxide nanoparticles by manipulating their combined shape 
and surface anisotropies, and tuning their size. By using the nonhydrolytic thermal 
decomposition synthesis method,17 we have been able to synthesize highly crystalline 
monodisperse iron oxide MNPs with controlled sizes and shapes. High-quality iron oxide 
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nano-octopods (deformed cubes) were successfully synthesized, and their SAR evolution 
with increasing particle size over a wide range (17−47 nm) was systematically studied. 
Because of the increased deformation in the surface of the octopods, these nano-octopods 
present an enhanced anisotropy as compared to other previously studied morphologies, 
such as spheres and cubes. Because our nano-octopods have a deformed shape, this can 
generate additional local symmetry breakings, which are at the origin of the surface 
anisotropy,18, 19 due to structural defects, broken symmetry bonds, surface strain, etc.20 and 
this can enhance their heating efficiency. Therefore, in this Chapter we have studied the 
evolution of the SAR with the size of magnetite nano-octopods for several applied fields and 
attempted to determine the optimal parameters for an enhanced magnetic hyperthermia 
treatment.  
 
7.2 Structural Characterization 
We first analyzed the shape and structure of our nano-octopods by using a 
combination of TEM and XRD techniques. Figure 7.1 shows different sizes of magnetite nano-
octopods synthesized using thermal decomposition technique, which has been discussed in 
Chapter 4.  As can be seen, octopods are deformed cubes, and to calculate their volume, they 
can be approximated, in principle, as a cubeoctahedron with eight triangular pyramids in the 
corners. As the size of nano-octopods increases, there is a slight change in shape and the 
edges are not as sharp but overall their morphology remains the same. 
 
106 
 
 
Figure 7.1: TEM image of different sizes of nano-octopods (all the images are at the same scale). 
 
 
 
 
 
 
 
 
Figure 7.2: TEM image of (a) 25 nm spherical and (b) 20 nm nano-octopod. (c) High-resolution TEM of 26 nm 
nano-octopods. (d) XRD pattern for 26, 32, 35, and 47 nm nano-octopods. 
 
Figure 7.2(a), and (b), present the TEM images of spherical and octopod nanoparticles 
of approximately the same volume (∼11000 nm3), which have been synthesized using the 
same method. Spherical nanoparticles have been included for a comparison purpose. In the 
inset to Figure 7.2(b), we include the histogram for the size distribution of these nano-
0
5
10
15
20
25
30
35
40
15 20 25
C
o
u
n
t
Size (nm)  
0
500
1000
1500
2000
2500
3000
3500
30 40 50 60 70
In
te
n
s
it
y
 (
a
.u
.)
2
(2
,2
,0
)
(3
,1
,1
)
(4
,0
,0
)
(5
,1
,1
)
(4
,4
,0
)
47 nm
35 nm
32 nm
26 nm
 
(a) (b) 
(c) (d) 
107 
 
octopods, which has been fitted to a log-normal function. The estimated average diameters 
and standard deviations are included in Table 7.1. Figure 7.2(c) shows a representative high-
resolution TEM (HR-TEM) of the nano-octopods. As can be observed, the interplanar 
distances are 2.08 Å, which correspond to (4,0,0) planes of magnetite. TEM images also 
reveal that the nano-octopods are very uniform, non-aggregated with a narrow size 
distribution, all of them desirable characteristics for biomedical applications. 
To further analyze the crystalline structure of our nano-octopods, XRD measurements 
have been performed. As indicated in Figure 7.2(d), the obtained patterns present similar 
characteristics independently of the size of the nano-octopods, with several peaks that 
correspond to those of the inverse spinel phase typical of magnetite. These diffraction peaks 
are narrow and well-defined, indicative of the high crystallinity of the samples. As the size of 
nano-octopods increases, the XRD peaks get sharper, suggesting a somewhat higher 
crystallinity for larger nano-octopods. The position and relative intensities of all the XRD 
peaks match well with those of magnetite structure (America Mineralogy Crystal Structure 
Database AMCSD 0000945). No FeO phase has been detected either in XRD or in TEM within 
the resolution of the used instrument, indicating that after the purification process, our 
nano-octopods are mostly composed of Fe3O4. XRD alone is not enough to identify whether 
the sample is Fe3O4 or γ-Fe2O3 phase because the main differences between XRD patterns of 
Fe3O4 and γ-Fe2O3 are a few diffractions with low intensity (<5%) which only detect for γ-
Fe2O3 structure. 
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7.3 Magnetic Characterization 
Once TEM and XRD analyses confirmed the monodispersity and high crystallinity of 
our nano-octopods for all the analyzed sizes, we performed a systematic study of the 
evolution of the magnetic and inductive heating properties of the nano-octopods as a 
function of their size. 
 
Table 7.1: Average size and magnetic properties of the nano-octopods. 
 
 DTEM (nm) HC (Oe) MS (emu/g) Mr/MS 
17 nm 16.6±1.3 ~0 50.6 0.03 
20 nm 20.1±2.4 25 68.4 0.13 
26 nm 26.4±3.1 72 66.7 0.12 
35 nm 35.5±3.2 100 65.3 0.14 
40 nm 40.2 ±5.4 151 65.5 0.18 
47 nm 47.4±5.6 103 81.7 0.12 
 
The magnetic response of the nano-octopods has been first characterized by DC 
magnetometry. Although DC magnetic measurements cannot fully describe the behavior of 
dispersed nanoparticles under an AC field, they can be useful to get a qualitative idea about 
the differences in the magnetic response of the nanoparticles, and the relevance of the 
different parameters involved. Figure 7.3(a) shows the DC M−H loops obtained at room 
temperature for the different sizes of nano-octopods. As can be seen, all the hysteresis loops 
present a very similar rectangular shape, with relatively low coercive field values (HC < 150 
Oe) and high saturation magnetization values (MS > 50 emu/g). In addition, all of the samples 
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exhibit very low remanence values (Mr/MS < 0.2), which could be related to the effect of the 
dipolar interactions between the nanoparticles.21 The corresponding values for the 
coercivity, saturation magnetization, and normalized remanence are indicated in Table 7.1.  
These results indicate that all our nano-octopods are in a non-superparamagnetic 
state at room temperature, and therefore the linear response theory is in principle 
inapplicable (see 2.6).  Only for the 17 nm sample are the coercive field and remanence 
values close to zero, although the behavior is not strictly superparamagnetic even in this case 
(a good fitting to a Langevin-like expression cannot be obtained). This can also be seen in the 
inset to Figure 7.3(a), in which the zero-field-cooled/field-cooled (ZFC/FC) magnetization 
curves are represented for three of the samples. As observed, even for the smallest sample 
(17 nm), there is no maximum in the ZFC magnetization in the range of temperatures 
analyzed (5−350 K), indicating that these nano-octopods are in a blocked/ferromagnetic 
state at room temperature and above, where hyperthermia experiments are conducted. In 
addition, it can be clearly seen that for the 47 nm nano-octopods, there is a change in the 
ZFC/FC magnetization curves around 120 K, which can be related to the Verwey transition,22 
and is associated with the higher crystallinity of this sample, as was commented in the XRD 
analysis. Also, the presence of Verwey transition can indicate that the Fe3O4 is the dominant 
phase in our samples. 
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Figure 7.3: (a) DC measurement of M−H loop at room temperature; in the inset, the ZFC-FC curves measured 
at 50 Oe are represented. (b) SAR values for 26 nm nano-octopods and 25 nm spherical nanoparticles; in the 
inset we compare the M−H loops at room temperature. 
From the magnetic measurements, we can also obtain some idea about the effective 
anisotropy of the nano-octopods. As was mentioned before, we expect an enhanced effective 
anisotropy due to the increased surface disorder of the octopod shape. Following the 
example of other groups,2 we can obtain a qualitative estimation of the anisotropy of the 
individual nano-octopods by using the law of approach to saturation:23 
𝑀 = 𝑀𝑠(1 − 𝑏/𝐻
2)  (7.1) 
Where MS is the saturation magnetization and b is correlated with the effect of the 
magnetocrystalline anisotropy. In the case of uniaxial magnetic crystals, the fitting 
parameter b can be used to obtain an estimation of the anisotropy constant, K: 
𝐾 = 𝜇0𝑀𝑠(15𝑏/4)
1/2  (7.2) 
The obtained results indicate that the anisotropy of the nanoparticles goes from 
8×105 erg/cm3 for the 17 nm sample to 1.2×106 erg/cm3 for the 47 nm sample. It can be seen 
that the obtained values are around one order of magnitude larger than the estimated value 
for bulk magnetite (1.1×105 erg/cm3).24 They are also larger than those reported for cubic 
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magnetite particles of 20 and 40 nm (7.7 and 4.2×105 erg/cm3)2 and that obtained for our 25 
nm spherical nanoparticles (6.5×105 erg/cm3). This increase in the effective anisotropy can 
be associated, as mentioned before, with the enhanced surface anisotropy in the nano-
octopods.  
 
7.4 Magnetic Hyperthermia 
Considering these results, we have compared the heating efficiency of the spherical 
and octopod nanoparticles of the same volume previously depicted in Figure 7.2 (a) and (b). 
As can be seen in the inset to Figure 7.3 (b), the M−H loops of both samples are very similar, 
but the obtained SAR values for both samples, Figure 7.3 (b), are appreciably different. It can 
be observed that as the AC magnetic field increases, the SAR of the nano-octopods becomes 
increasingly larger than that of the spherical nanoparticles (more than a 50% increase for 
800 Oe). This clearly reveals that by changing the shape of the particles, a large improvement 
in the heating efficiency of the nanoparticles can be achieved. Considering the prospective 
properties of the nano-octopods for hyperthermia, we have attempted to find the optimum 
size for maximizing their heating efficiency. As was commented in the Introduction, only a 
few theoretical and experimental studies have been reported in the literature about the 
evolution of SAR with the size of iron oxide nanoparticles, and the results have still not 
reached a consensus. To estimate the heating efficiency of the nanoparticles, we have first 
used hyperthermia calorimetric experiments as has been explained in Chapter 2. In Figure 
7.4 (a−c) we have plotted the characteristic heating curves for three of the samples: 17, 35, 
and 47 nm. As can be observed, for all the samples there is an appreciable increase in 
temperature after applying the AC field, which allows us to reach the therapeutic regime 
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(40−45 °C) for hyperthermia treatment just after a few minutes by controlling the amplitude 
of the magnetic field. This is more evident at higher fields, where the bigger nanoparticles 
appear to heat better than the smaller ones. The obtained SAR values have been represented 
in Figure 7.4 (d) and (e), as a function of the size and the AC field magnitude, respectively. In 
the first plot, we can see that there is a clear change in the evolution of SAR with increasing 
field. At low field values (200 Oe), the maximum SAR value is reached for the 17 nm sample, 
and with increasing size, the SAR decreases and becomes null for sizes >25 nm. This behavior 
is similar to that predicted according to the Rosensweig model,3 probably because the field 
value is relatively small. We recall that the linear response theory is only valid in the 
superparamagnetic regime, and when the applied AC field is much smaller than the 
anisotropy field of the nanoparticles.5, 25 However, when increasing the field, the SAR versus 
size behavior progressively changes. At 400 Oe, the SAR values for all of the nano-octopods 
are very similar, but for 600 Oe and especially for 800 Oe, it can be seen that the SAR tends 
to increase with increasing size, and at 800 Oe, the SAR of the 47 nm sample is 65% bigger 
than the one for the 17 nm sample. This trend is qualitatively similar to the one predicted by 
Hergt et al.5 in their theoretical models. 
A better depiction of the differences between both regimes, low and high fields, can 
be obtained if we plot the evolution of SAR versus field, as it is presented in Figure 7.4 (e). As 
can be seen, at the lowest field, 200 Oe, the smaller nano-octopods, <35 nm, present the best 
SAR values, but with increasing field, the SAR evolution for these samples tends to saturate, 
while for the bigger nano-octopods, ≥35 nm, it keeps increasing linearly, and this way, the 
SAR values at the highest applied field, 800 Oe, are bigger for the biggest samples. Therefore, 
according to these results, at low fields, ≤400 Oe, the octopods with the smallest size give the 
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best heating results (17 nm), but for higher fields, >400 Oe, the SAR tends to increase with 
increasing size. Considering the reported experimental evolution of the SAR versus size 
curves8, 1, 13 and theoretical predictions,4, 5 it is expected that a certain maximum for the SAR 
will be reached for an optimal size, depending on the field applied, but we have not found it 
in the range of sizes analyzed, 17−47 nm. In fact, for the higher fields, the SAR seems to 
increase with increasing size (until at least incoherent magnetization reversal processes 
start to dominate4 and the SAR eventually decreases). This could be due to the fact that the 
increased effective anisotropy of these nano-octopods is displacing the maximum toward 
bigger sizes (see Table 7.1). 
 
 
 
 
 
 
Figure 7.4: (a−c) Heating curves for the 17, 35, and 47 nm samples obtained from calorimetric hyperthermia 
experiments. (d) SAR versus size curves for different fields (200−800 Oe). (e) SAR versus field curves measured 
for different sizes (17−47 nm) of nano-octopods. 
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To get a better idea about the parameters controlling the SAR evolution as a function 
of both the field and the size of the nano-octopods, we have performed AC magnetometry 
hyperthermia experiments. AC magnetometry, contrary to the previous method, allows us to 
directly observe how the hysteresis loop area changes with increasing AC field, from one 
sample to another, and therefore gives us a direct depiction of the differences in the magnetic 
response of the different nano-octopods. All of the details about the technique and the 
measurements can be found elsewhere (see 2.2.2 and 3.4).26  
In Figure 7.5 we have plotted the AC loops measured for several samples and the 
corresponding SAR versus size evolution. Because of limitations with the system, the 
maximum field that we could apply at 310 kHz was 400 Oe instead of 800 Oe as with previous 
calorimetric measurements, but still this is enough to see the differences between the low 
and high field regimes. As can be observed, for the smaller sample, the low field loop (green 
loop) is quite wide, with a coercive field of HC ≈ 30 Oe, and the saturation reaches a value of 
MS ≈ 40 emu/g.  
However, as the size of the octopods increases, the loop becomes narrower, both HC 
and MS decrease, and its area (and hence the SAR) also decreases. However, as we increase 
the field, for the 17 nm nano-octopods, the shape of the AC loops does not change much, 
while for the bigger octopods, it increases continuously. Even if the saturation remains more 
or less the same in all cases, the loops become broader: at 400 Oe (red loop), if we compare 
the 17 nm with the 47 nm nano-octopods, Mr increases from 13 to 18 emu/g, and HC 
increases from 50 to 80 Oe, and therefore the final area is bigger for the 47 nm nano-octopod 
at 400 Oe. A detailed depiction of the evolution of SAR as a function of the field can be seen 
in Figure 7.5 (d). The results are quantitatively similar to those shown in Figure 7.4 (e). We 
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recall that the SAR is directly related to the area of the hysteresis loops via the following 
formula: SAR = area × frequency. It can be seen that for the 17 nm sample, for fields >50 Oe, 
the SAR starts increasing in a linear way, while for the bigger nano-octopods, higher fields 
are required (>100 Oe) to obtain some heating. 
 
 
Figure 7.5: (a−c) AC measurements of M−H loop at room temperature with different values for maximum 
magnetic field for three different sizes of nano-octopods. (d) SAR versus applied field and (e) coercive field 
versus applied field evolution curves as obtained from the previous AC hysteresis loop areas. 
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However, with increasing field, the slope of the SAR versus field curves increases as 
the size increases, and therefore, in the end, the SAR values obtained for the bigger nano-
octopods become appreciably higher than those of the smaller nano-octopods.  
These results can be qualitatively understood considering how the anisotropy field, 
HA, (which is proportional to the coercive field) of the nanoparticles compares with the 
applied AC field, HAC, as has been theoretically described by, among others, Mamiya et al.27 
and Usov et al.28 According to these calculations, for uniaxial nanoparticles, two different 
regimes can be distinguished depending on the HAC versus HA ratio: for low field values, HAC 
< 0.5·HA, the power absorption is mainly caused by viscous losses in the system, and this 
regime is characterized by a sharp decrease in the hysteresis loop area. However, when HAC 
> 0.5·HA, the hysteresis losses dominate, maximum heat power is transferred to the 
nanoparticles, and the area of the hysteresis loops appreciably increase. These models do 
not directly consider the effect of the interparticle interactions, which, as has been 
mentioned, are going to be present in our systems. Nevertheless, as has been shown by 
Conde-Leboran et al.,29 simulations for different concentrations (and hence, interactions) of 
nanoparticles predict that minor hysteresis loops are observed for all concentrations at low-
field amplitudes (HAC/HA < 0.5), while considerable hysteresis appears above the 0.5 ratio 
but tends to drop with increasing concentration. In addition, this negative effect of the 
interactions can be countered by increasing the effective anisotropy of the nanoparticles, as 
it happens in our case.29  
In order to obtain an estimation of the effective anisotropy field, HA, for these samples, 
we have focused on the evolution of the coercive field HC‑AC of the AC hysteresis loops with 
applied AC field value (see Figure 7.5 (e)). As has been shown by simulations,27, 28, 29 when 
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the applied field increases the size of the hysteresis loop area increases from a minor loop, 
to an intermediate loop, and finally to a major hysteresis loop (which gives the best heating 
efficiency). Once a major loop is obtained, the coercive field value tends to reach a saturated 
value, which is approximately 0.5·HA in the non-interacting case. As plotted in Figure 7.5 (e), 
as the maximum applied AC field increases, the AC coercive field, HC‑AC, also progressively 
increases. However, for the 17 nm octopods, HC‑AC increases linearly until it tends to saturate 
after HAC = 250 Oe, reaching a final maximum value of 50 Oe, while for the bigger particles, 
the initial increase of HC‑AC is slower (especially for the 47 nm octopods), and it seems to start 
saturating at higher HAC values (around 350−400 Oe), reaching a final maximum value for 
HC‑AC around 80 Oe for the 35 and 47 nm octopods. As discussed above, these maximum 
values for HC‑AC can be related to the “effective anisotropy” field of the system of 
nanoparticles, although the relationship won’t be exactly HC‑AC = 0.5·HA due to the effect of 
interactions, especially in the case of the bigger particles. This explains why for the smaller 
nano-octopods, with low applied fields (HAC > HA) some heating can already be observed, 
while for the bigger nano-octopods these AC field amplitudes are not sufficient for the system 
to fully respond (HAC < HA). However, as we increase the amplitude of the AC field and HC‑AC 
becomes much bigger than the coercive field of these particles, the bigger nanoparticles start 
to fully respond to the magnetic field excitations and the heating efficiency continuously 
increases, while for the smaller samples, HC‑AC saturates faster and a minor improvement in 
the heating efficiency is only observed as a result. To shed some more light onto this 
discussion, we have embedded the particles in a viscous medium (water+2% agar). 
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Figure 7.6: SAR versus field values for different sizes of nano-octopods both in water and in 2% agar. 
 
 
This method enabled us to restrict the physical movement of the nanoparticles while 
simulating the higher viscosity of cancer cells, and therefore allows us to obtain more 
realistic SAR results. We have plotted the results in Figure 6. As can be observed, for the 17 
nm particles, there is a drastic decrease of the SAR values when the particles are embedded 
in agar, especially in the low field region: at 200 Oe, the SAR reduces to 25% of the original 
value. As the field increases, the difference between the SAR values in water and in agar 
progressively decreases; at 800 Oe, the SAR reduces to 77% of the original value. This 
indicates that the contribution of the physical rotation of the nano-octopods to their heating 
efficiency is very relevant at low fields. However, for the bigger nanoparticles, the difference 
between the SAR values in water and in agar is much smaller for all of the field values: the 
SAR only reduces to 70−80% of the original value when in agar. As observed, the 
improvement in the heating efficiency of the smaller nano-octopods at low fields in 
comparison with the bigger ones nearly disappears when putting the nanoparticles in a 
viscous medium. 
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In principle, one would expect that, because the Brownian contribution is greater for 
bigger particles, the effect of restricting their movement would affect more the bigger nano-
octopods than the smaller ones. However, in our case, we observe a contrary effect. This can 
be understood by considering the effect of the interactions (and hence, particle aggregation). 
Smaller particles are going to be less aggregated than bigger ones, and therefore the 
Brownian contribution when they are in water is going to play a bigger role for the smaller 
nano-octopods. Hereby, once they are in agar, eliminating the physical rotation is going to 
take a bigger toll on the smaller nano-octopods than on the bigger ones. 
7.5 Summary 
In conclusion, hyperthermia measurements reveal that the Fe3O4 nano-octopods 
present a better heating efficiency than their spherical counterparts, especially in the high 
field region, and that by tuning their size and the effective anisotropy, we can optimize their 
heating response to the externally applied AC field. In our case, for fields smaller than 
300−400 Oe, we have seen that the smallest nano-octopods give the best heating results. Yet 
if we increase the AC field value, the bigger octopods show an increasing heating efficiency 
and become more effective than the smallest ones for hyperthermia treatment, reaching SAR 
values up to ∼400 W/g for a concentration of 2 mg/mL and measured at 800 Oe and 310 
kHz. This has been related to the ratio between applied field and anisotropy field. 
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CHAPTER 8: HIGH ASPECT RATIO NANOSTRUCTURES 
Reproduced from:  
1) “FeCo nanowires with enhanced heating powers and controllable dimensions for 
magnetic hyperthermia”, J. Alonso, H. Khurshid, V. Sankar, Z. Nemati, M. H. Phan, E. 
Garayo, J. A. García, and H. Srikanth, Journal of Applied Physics 117, 17D113 (2015), 
Copyright © 2015 AIP Publishing LLC. 
2) Tunable High Aspect Ratio Iron Oxide Nanorods for Enhanced Hyperthermia”, Raja Das, 
Javier Alonso, Zohreh Nemati Porshokouh, Vijaysankar Kalappattil, David Torres, 
Manh-Huong Phan, Eneko Garaio, JoséÁngel García, Jose Luis Sanchez Llamazares, and 
Hariharan Srikanth, J. Phys. Chem. C, 2016, 120 (18), pp 10086–10093, Copyright © 
2016 American Chemical Society. 
8.1 Introduction 
As has been discussed in Chapter 1, the future of magnetic hyperthermia depends on 
producing novel magnetic nanostructures with the highest possible heating efficiencies in 
order to ensure an effective treatment while minimizing the amount of MNPs needed. In 
Chapters 5-7, we have explored different strategies to improve the heating efficiency of the 
nanoparticles, including changing the shape, morphology, material, etc. In all these cases, we 
have been working with OD nanostructures, but, Boubeta et al. have shown experimentally 
that under certain conditions, when these 0D nanoparticles are forming 1D nanostructures 
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such as chains of nanoparticles, the SAR value increases noticeably.1 In addition, Monte Carlo 
simulations also revealed that the area of hysteresis loop, and therefore the SAR, increases 
by increasing the length of the chain.1 Therefore, these results suggest that 1D 
nanostructures, such as chains of nanoparticles, nanowires or nanorods can be a very 
promising candidate for magnetic hyperthermia.2, 3 Already in the last few years, 1D 
nanostructures have gained a lot of attention due to their high surface to volume ratio which 
influences their magnetic properties drastically and can be useful for several different 
applications. Kolhar et al.4 have shown that 1D nanostructures present an increase in specific 
attachment to the target compared to their spherical counterparts. Furthermore Geng et al.5 
have reported an enhancement in blood circulation time and extended retention in tumor 
compared to spherical nanoparticles. Considering all these advantages, in this study we have 
synthesized and characterized the properties of two different 1-D systems: (i) FeCo 
nanowires, and (ii) Fe3O4 nanorods.  
 
8.2 FeCo Nanowires 
FeCo is one of the magnetic materials with higher magnetic moment: nearly 220 
emu/g in comparison with the 92 emu/g of magnetite. Considering this, different groups 
have suggested using FeCo nanoparticles for magnetic hyperthermia due to the potential 
increase in the magnetic response and SAR.1, 2 In our case, we have decided to prepare FeCo-
based nanowires. The samples produced by electrodeposition onto an Al2O3 template as was 
described in section 4.4. This technique allows us to obtain nanowires with sizes ranging 
from few nanometers to micrometers and their length and diameter can be independently 
adjusted. The template was dissolved after electrodeposition and the samples containing 
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FeCo nanowires with varying lengths (2–40 μm) and diameters (100 and 300 nm) were 
obtained. 
 
8.2.1   Structural Characterization  
Figure 8.1 (a) represents the XRD pattern of a typical nanowire sample. All diffraction peaks 
can be associated to the body-centered-cubic (bcc) FeCo phase. To calculate the crystalline 
size, we have used Scherrer’s equation (equation 3.2) and found out that these 1D 
nanostructures are polycrystalline with an average grain size of ~10 nm. 
 
Figure 8.1: (a) Powder X-ray diffraction of the template-free FeCo nanowires on Si substrate. The (111) 
crystalline peak from Si wafer has been omitted by inserting a break in the 2𝜃 angle axis; (b) an SEM cross-
sectional view of the FeCo nanowires embedded in the AAO template; and (c) a TEM image of the FeCo 
nanowires on a Cu grid. 
 
Figure 8.1 (b) shows a SEM image of arrays of nanowires inside AAO template and 
figure 8.1 (c) presents the TEM image of the sample after dissolving the template. Energy 
dispersive spectrometry (EDS) analysis revealed that all samples had 55:45% Fe:Co atomic 
ratios. 
a) b) c) 
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8.2.2   Magnetic Characterization 
Figure 8.2 shows the hysteresis loops of the samples as a function of their (a) length, 
and (b) diameter when measured in the longitudinal direction. All the M-H loops are tilted 
and show a low remanence (Mr/MS < 0.25). In addition, the M-H loops measured in the 
parallel and perpendicular direction look very similar, as can be seen in the inset of figure 
8.2 (b). All these results suggest that the easy axis of the magnetization does not align 
perfectly in the longitudinal direction of the nanowires (which would explain the low 
remanence and the not well defined anisotropy), and this can be probably related to the fact 
that the nanograins are relatively small (10 nm) if we compare them with the width (100-
300 nm) and length (2-40 µm) of the wires. Furthermore, the hysteresis loops become more 
tilted with increasing length and diameter which demonstrates an enhancement in effective 
anisotropy with increasing dimensions of the wires. On the other hand, as has been shown 
in the inset of figure 8.2 (a), the coercivity of the nanowires decreases by increasing the 
length and diameter. Elbaile et al.6 reported a similar behavior for M-H loops of Fe-Co 
nanowires. This evolution can be related to a combination of the effect of dipolar interactions 
between the nanowires and their shape anisotropy.3, 7 The shape anisotropy of the 
nanowires increases by increasing the length of the nanowires, which results in an 
enhancement in their effective anisotropy.3 
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Figure 8.2: M-H curves as a function of (a) the length and (b) the diameter of the FeCo nanowires inside the 
AAO templates and aligned parallel to the magnetic field. The inset of figure 8.2 (a) shows the coercivity as a 
function of the length, while the inset of figure 8.2 (b) shows the M-H loops measured in the parallel and 
perpendicular directions of the applied field. 
On the other hand, increasing length and diameter enhances the dipolar interactions 
and hence, with increasing dimensions, the easy axis will tend to point more and more 
towards the perpendicular direction of the wire, giving rise to a more tilted M-H loop when 
measured along the longitudinal direction.7 Figure 8.2 (b) shows this trend clearly. This 
demonstrates the importance of the contribution of dipolar interactions in the shape of 
hysteresis loop, which is directly related to the SAR or heating efficiency of the nanowires. 
 
8.2.3   Magnetic Hyperthermia 
We have performed calorimetric and AC magnetic hyperthermia measurements on 
these nanowires. For all the measurements, 1 mg of each sample was dispersed in 1 ml water. 
During the hyperthermia experiments, we visually observed that when the magnetic field is 
above 150-200 Oe, the nanowires formed self-assembled arrays in the direction of magnetic 
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field. Mehdaoui et al.8 reported a similar behavior for MNPs and it was associated with the 
effect dipolar interactions. Figure 8.3 (a) present the heating curves for these nanowires as 
a function of their length and diameter. As observed, the heating efficiency of the nanowires 
decreases with decreasing length and/or diameter or both but even for the shortest 
nanowires we have studied (2 μm) the heating rate is still appreciable. The SAR value was 
calculated from the heating curves using equation 2.11.  For a comparison, the SAR values 
obtained at 300 Oe and 310 kHz for the nanowires as a function of their length have been 
presented in the inset of figure 8.3 (a). As the length increases from 2 to 10 μm the SAR value 
rapidly increases from 350 to 1500 W/g. After that with increasing length the increase in 
SAR value slows down. The maximum SAR value was obtained for 40 μm nanowires and was 
about 1510 W/g. 
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Figure 8.3: Magnetic hyperthermia measurements: (a) heating curves measured by calorimetric methods for 
the FeCo nanowires with different lengths and diameters; (b) The hysteresis loops measured using AC 
magnetometry; the inset of figure 8.3 (a) shows SAR as a function of the length, while the inset of figure 8.3(b) 
shows the SAR vs. H curves obtained from both methods. 
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We also compared the heating rates as a function of the diameter of the nanowires, 
100 and 300 nm. It can be observed that the SAR values decrease by 20% for the smaller 
diameter but overall, they follow a similar trend.  
As has been discussed in previous chapters the SAR value of the nanoparticles can be 
enhanced by increasing MS and/or Hk.9, 10 In the case of our FeCo nanowires we have a 
combination of larger MS (up to 180 emu/g), and increased effective anisotropy, related to 
the effect of shape anisotropy and dipolar interactions. These two contributions give rise to 
SAR values for our FeCo nanowire much higher than those typically reported in magnetic 
nanoparticles (200-400 W/g), demonstrating that 1D nanostructures can enhance the 
heating efficiency in hyperthermia experiments. 
We have also performed AC hyperthermia measurements to analyze the heating rate 
of the nanowires (see Figure 8.3 (b)). In this case, SAR is estimated from the hysteresis losses 
given by the area of the measured AC hysteresis loops (see sections 2.2.2 and 3.4). We have 
observed that at low fields, minor AC loops are obtained and the heating efficiency is negligible 
(inset of figure 8.3 (b)), but for fields higher than ~140 Oe, the area of the loops starts to rapidly 
increase and at 400 Oe (maximum field applicable), the AC loops nearly correspond with major 
loops, indicating that we are close to saturating fields. If the applied field is high enough (H > Hc), 
the coercivity of the AC loops is independent of the length of the nanowires and only the 
saturation magnetization increases. This suggests that increasing the volume of the 
nanowires, under the condition of H > Hc, probably leads to a better alignment of the 
nanowires (mediated by dipolar interactions) in the direction of the field, thereby increasing 
the saturation magnetization and the SAR value. 
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In view of these results, we have also studied how the alignment of nanowires affect their 
SAR values by embedding the nanowires in a 2% weight agar solution. The agar solution simulates 
the viscosity of cancer cell, limits the physical movement of the nanowires, and allows us to fix the 
direction in which the nanowires are pointing. Figure 8.4 presents the SAR values for 2 μm 
(shortest sample) and 40 μm (longest sample) nanowires while they are aligned in the direction 
of the magnetic field in water and agar and when they are randomly pointing in agar. It has been 
observed that for the longest sample (40 μm), the SAR value slightly decreased (by 7%) when 
the nanowires were aligned with the magnetic field in agar, while a pronounced reduction in 
SAR (by 40%) was observed when the nanowires were randomly oriented. This reveals that: 
(i) The maximum SAR value is obtained when the nanowires are oriented in the direction of 
applied AC magnetic field, and (ii) the contribution of physical movement of nanowires in 
heating efficiency is small.  
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Figure 8.4: SAR values for (a) the 2 μm and (b) 40 μm FeCo nanowires, when dispersed in water, or in a 
2%weight agar solution with different orientations. 
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For the 2 𝜇m nanowires, it has been observed that the SAR value decreased more 
appreciably, by 25%, when the nanowires were parallel aligned in agar with respect to 
water. This can be related to a better alignment of the larger nanowires, as well as to their 
stronger dipolar interactions. 
 
8.3 Fe3O4 Nanorods 
FeCo nanowires have demonstrated that 1D nanostructures are a promising 
candidate for enhanced magnetic hyperthermia. However, the dimensions of the studied 
FeCo nanowires are too big if we compare them with the typical dimensions of the 
nanoparticles employed for biomedical applications (up to 100 nm), and this could cause 
some problems when injected inside the human body. Due to limitations with the synthesis 
method, obtaining FeCo nanowires with smaller dimensions is not an easy task. In addition, 
while the saturation magnetization of FeCo is certainly higher than magnetite, FeCo has the 
disadvantage of not being biocompatible and therefore, the FeCo nanowires would require 
of a biocompatible coating before they could be used for biomedical applications. 
Considering these limitations, we decided to synthesize smaller 1D nanostructures made of 
Fe3O4, in order to improve their biomedical applicability, and test their heating efficiency. 
Fe3O4 nanorods with different aspect ratios have been synthesized following the 
procedure discussed in chapter 4. We analyzed three different samples, which we have called 
S1, S2 and S3. Samples S1 and S3 have same aspect ratios, but different volume; while 
samples S1 and S2 have the same volume, but different aspect ratio. This has allowed us to 
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study how the change in the volume and aspect ratio of the nanoparticles affects their 
heating efficiency.  
 
8.3.1   Structural Characterization 
Figure 8.5 (a, c, and d) display the TEM images of three nanorods samples commented 
before. The measured average length and width of the samples are indicated in table 8.1. 
Figure 8.5 (b) presents HRTEM of sample S1 which shows clear lattice fringes, being the 
interplanar distance d= 0.24 nm corresponding to (2 2 2) plane of cubic Fe3O4. The inset of 
figure 8.5 (b) presents a selected area diffraction (SAED) dot pattern which confirms that the 
nanorods samples are single crystal. The diffraction spots of the SAED pattern can also be 
indexed to (511) and (311) planes of the cubic spinel structure corresponding to magnetite. 
 
 
Figure 8.5: TEM images of Fe3O4 nanorods. (a) sample S1 with aspect ratio = 5.8, (b) HRTEM of sample S1, (c) 
sample S2 with aspect ratio = 11, and (d) sample S3 with aspect ratio = 5.6. Scale bar is 200 nm. 
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Table 8.1: Length, width, and aspect ratio of the nanorods. 
 
 
 
 
 
Figure 8.6 shows the XRD patterns of all 3 samples. In all cases, well defined 
diffraction peaks can be observed in the same positions, which can be indexed as 
corresponding to either Fe3O4 or γ-Fe2O3. No FeO phase has been detected either in XRD or 
in TEM within the resolution of the used instrument. As has been discussed in chapter 7, XRD 
alone is not sufficient to differentiate Fe3O4 from γ-Fe2O3 phase but the clear presence of a 
Verwey transition around 110 K in the magnetization vs temperature (M-T) curves 
measured for the three samples (see Figure 8.7 (a)) is a clear-cut indicator that our nanorods 
are mostly composed of Fe3O4. In general, XRD patterns and HRTEM confirm the great 
crystallinity of the samples which, as discussed below, leads to high saturation 
magnetization and heating efficiency. 
 Length (nm) Width (nm) Aspect Ratio 
S1 41 7 5.8 
S2 65 5.7 11 
S3 56 10 5.6 
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Figure 8.6: XRD patterns for samples S1, S2, and S3. 
 
 
 
8.3.2   Magnetic Characterization 
 Figure 8.7 (a) presents the ZFC M-T curves for all 3 sample from 5 to 330 K with a 
magnetic field of 20 Oe. No maximum has been observed in these M-T measurements in the 
range of temperatures analyzed, which indicates that the samples are in a blocked state at 
room temperature. There is a sharp change of magnetization at ~120 K which corresponds 
to thermally activated first-order Verwey transition (TV).11, 12 Normally, in small spherical 
Fe3O4 nanoparticles (with diameter <50 nm) the Verwey transition is usually not detectable 
due to their poor crystallinity, surface defects, and presence of disordered surface spins.13, 14 
For comparison, we have also synthesized ~25 nm spheres using thermal decomposition 
method.15 These nanoparticles have the same volume as samples S1 and S2 but as can be 
seen in the inset of figure 8.7 (a) they do not show any trace of Verwey transition. The 
presence of Verwey transition in our nanorod samples which have been grown using 
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hydrothermal method, confirms their excellent crystallinity. This is consistent with our XRD 
and HRTEM results, and agrees with what has been reported by other groups using 
hydrothermal synthesis, which generally show that their samples have better crystallinity 
compared to the samples produced by other synthesis methods.8, 16 
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Figure 8.7: (a) ZFC M-T curves of samples S1, S2, and S3, in an applied field of 20 Oe. Inset shows the ZFC M−T 
curve of ~25 nm Fe3O4 spherical nanoparticles. (b) Room-temperature hysteresis loops of nanorod samples 
S1, S2, and S3, in comparison with that of ~25 nm Fe3O4 spherical nanoparticles. 
Figure 8.7 (b) displays the M-H loops of the samples obtained at room temperature. 
Saturation magnetization (MS) is ~85 emu/g for all the samples and the M-H loops tend to 
saturate at ~7000 Oe. The MS value is close to expected bulk value for Fe3O4 (~90 emu/g) 
which again demonstrates the high crystallinity of these samples. No coercivity and 
remanence has been observed at room temperature, despite the samples being in a blocked 
state, which can be a result of dipolar interactions.17 As seen in Figure 8.7 (b), the saturation 
magnetization of spherical nanoparticles with almost the same volume (~2000 nm3) as our 
S1 and S3 nanorods is much smaller (58 emu/g). The smaller saturation magnetization and 
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the absence of Verwey transition in spherical nanoparticles can be related to their lower 
crystallinity and disordered surface spins.14 
 
8.3.3   Magnetic Hyperthermia 
Since Fe3O4 nanorods have a higher saturation magnetization and effective 
anisotropy compared to their spherical counterparts, they are expected to have a larger SAR 
value. To verify this and analyze how the heating efficiency of the nanorods depends on their 
volume, aspect ratio and alignment, we have prepared 1 mg/ml of each sample in both water 
and agar and performed calorimetric and AC hyperthermia measurements on them (see 
Figure 8.9). As in the case of the nanowires, we have again observed during the hyperthermia 
experiments that when the nanorods are dispersed in water, they tend to align in the 
direction of the applied AC field.  
The heating curves for the samples dispersed in water and in agar are presented in 
Figure 8.8. It can be seen that the heating rate of all samples increases by increasing the 
applied magnetic field and the temperature for the therapeutic window (40-44 °C), where 
the cancer cells are more sensitive to the heat than the healthy tissues, can be easily reached 
by changing the field.18  
First, we have studied the effect of aspect ratio on the heating efficiency of the 
nanorods. As was commented before, samples S1 and S2 have almost the same volume 
(~2000 nm3) but they have different aspect ratios (5.8 and 11 respectively). Sample S3 has 
almost the same aspect ratio as sample S1 but has a smaller volume. For samples S1 and S3 
the heating curves are almost the same, therefore in Figure 8.8 we have only presented those 
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corresponding to sample S1. This result indicates that the aspect ratio is a more important 
parameter than the volume in order to tune the heating efficiency of the nanorods.  
When the samples in water are place in an AC magnetic field, it can be observed that 
they align in the direction of magnetic field (see figure 8.8). Mehdaoui et al. have reported a 
similar behavior for magnetic nanoparticles. This can be due to dipolar interactions of 
nanostructures.18 
 
 
Figure 8.8: Sample S2 (1 mg/mL) in water with and without applied AC magnetic field. Image show the 
alignment of nanorods in the direction of applied AC magnetic field near the edge of a vial. 
 
Figure 8.9 display the heating curves of the samples both in water and agar. It can be 
seen that when the nanorods are dispersed in water, the heating rate for sample S2 is 
remarkably bigger than sample S1 (Figure 8.9 (a) and (b)). This suggests that increasing the 
aspect ratio of the nanorods leads to an improvement in their heating rate.  
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For the FeCo nanowires, we observed that the heating rate of the nanowires when 
aligned in the direction of magnetic field was better than when they were randomly 
oriented.19 Therefore, we have also studied the effect of alignment on heating efficiency of 
nanorods. For this, we have dispersed the nanorods randomly in agar, and compared the 
heating curves with those obtained when the nanorods are dispersed in water and free to 
align in the direction of the field. As observed in Figure 8.9 (c) and (d) heating rates clearly 
decrease when the samples are embedded in agar and therefore, randomly oriented. 
Therefore, the orientation of the nanorods is very important in order to improve the heating 
efficiency of the samples. 
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Figure 8.9: Heating curves for samples S1 and S2 (1 mg/mL) in water and agar (randomly oriented), measured 
at different ac fields 100 ≤ H ≤ 800 Oe and f = 310 kHz. 
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We have analyzed the effect of the concentration on the SAR values for the nanorods.  
Figure 8.10 (a, and b) show the SAR as a function of the AC magnetic field for samples S1 and 
S2 dispersed in water with different concentrations: 1 and 3 mg/ml. It can be observed that 
the SAR value decreases by increasing the concentration: for sample S1 SAR value decrease 
from ~550 W/g to ~450 W/g and for sample S2 SAR value decrease from ~900 W/g to ~550 
W/g. This behavior have been reported by other groups, such as Andreu et al.20 When the 
concentration increases the aggregation of the nanostructures also tends to increase which 
restricts their capacity to follow the AC field and thereby leads to a reduction in their heating 
efficiency. As can be observed when the concentration of the samples is high enough, in this 
case 3 mg/ml, The SAR values of the two samples S1 and S2 become very close. Hence, it is 
true that at low concentrations the nanorods with higher aspect ratio (sample S2) heat much 
better, but when the concentration increases, the effect of dipolar interactions and 
aggregation overcome the effect of the aspect ratio, and heating efficiency decreases 
noticeably.  
Figure 8.10 (c, d) present the SAR vs magnetic field for 1mg/ml of samples S1 and S2 
in 2% agar solution when they are (i) randomly and (ii) in the direction of a dc magnetic field 
of ~ 450 Oe. For sample S1 (aspect ratio = 5.8), when the nanorods are aligned in the 
direction of magnetic field, the SAR values are similar to those obtained for the sample in 
water. However, the SAR value decrease by ~ 35% when the nanorods are randomly 
oriented. The decrease in the SAR value is even more remarkable for sample S2 (aspect ratio 
= 11) when they are randomly oriented, becoming only 1/3 of the SAR values obtained for 
the aligned sample. The SAR value of sample S2 which has been aligned inside the agar in the 
direction of magnetic field increase by 30% compared to the SAR value in water. On the other 
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hand, for sample S1 we have seen that these two values are very similar. This can be related 
to the fact that, since the nanorods in sample S2 have higher aspect ratio, they can be more 
easily aligned in the direction of external static magnetic field compared to sample S1 with 
lower aspect ratio and; hence, the heating efficiency of sample S2 improves. At an AC 
magnetic field of 800 Oe, the SAR value of sample S2 (aligned in the direction of magnetic 
field) is ~ 1300 W/g which shows ~ 30% increase compared to the SAR value obtained for 
the sample in water. These results demonstrate the important role of concentration, aspect 
ratio and alignment of the nanorods in their heating efficiency.  
100 200 300 400 500 600 700 800
0
200
400
600
800
1000
 
 
Water - 1 mg/mL
S
A
R
 (
W
/g
)
H (Oe)
 S1
 S2
(a)
 
100 200 300 400 500 600 700 800
0
100
200
300
400
500
 
 
Water 3 mg/mL
S
A
R
 (
W
/g
)
H (Oe)
 S1
 S2
(b)
 
100 200 300 400 500 600 700 800
0
100
200
300
400
500
 
 
S
A
R
 (
W
/g
)
H (Oe)
 S1 random (1mg/mL)
 S1 aligned (1mg/mL)
(c)
 
100 200 300 400 500 600 700 800
0
200
400
600
800
1000
1200
1400
 
 
S
A
R
 (
W
/g
)
H (Oe)
 S2 random (1mg/mL)
 S2 aligned (1mg/mL)
 S2 aligned (3mg/mL)
(d)
 
Figure 8.10: SAR vs magnetic field plots for samples S1 and S2, dispersed in (a) 1 mg/mL and (b) 3 mg/mL of 
water. (c, d) SAR vs magnetic field plots for samples S1 and S2, dispersed in agar with different orientations. 
 
140 
 
In calorimetric hyperthermia measurements, it has been observed that for lower 
magnetic fields (< 200 Oe), the SAR values are relatively small and they only become 
significant for higher ac fields. To further investigate this, we have performed AC 
hyperthermia measurements on these samples. Figure 8.11 present the dynamic hysteresis 
loops of samples S1 and S2, and their corresponding SAR values obtained for AC magnetic 
fields between 0 - 400 Oe at two different frequencies, 149 and 302 kHz. At low magnetic 
fields (Hmax < 160 Oe), the shape of the hysteresis loops is similar to Rayleigh loops21 and the 
area of the loops are small, resulting in relatively low SAR values. As the applied AC field 
increases above the sample’s coercive field, ~ 110 Oe, the shape of hysteresis loops becomes 
more rectangular, their area increases very quickly, and the SAR values become more and 
more remarkable. These results can be explained by understanding how the anisotropy field 
(HA) of the nanorods compares with the applied AC magnetic field. Usov et al.22 have 
described two different regimes depending on the ratio of H to HA: The first regime is 
identified by a sharp decrease in the area of hysteresis loop. In this regime, H < 0.5 HA (which 
approximately corresponds with the coercive field in the non-interacting systems), the 
power absorption is basically due to viscous losses in the systems and minor loops are 
obtained. In the second regime where H > HA, hysteresis losses are dominant, the area of the 
hysteresis loop increases and maximum heat power is transferred to the nanoparticles. 
141 
 
 
Figure 8.11: (a, b) Dynamic hysteresis loops for samples S1 and S2, respectively (c, d) SAR vs field curves as 
obtained from. 
 
It can be seen in Figure 8.11 (c, d) that the SAR values for samples S1 and S2 measured 
at the same frequency are almost the same because the highest applied AC magnetic field 
was 400 Oe, and as we noticed above, the differences between the heating efficiency of the 
two samples appear for higher magnetic fields. In addition, we have performed the SAR 
measurements in a lower frequency (149 kHz). As has been discussed in chapter 2, SAR = 
frequency × area of the hysteresis loop, and therefore, at 149 kHz, the heating efficiency is 
reduced to half of its high frequency (302 kHz) value. 
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Figure 8.12: (a) Heating curves for the Fe3O4 spheres, cubes, and nanorods of similar volume (1 mg/mL) in 
water measured at ac field of 800 Oe. (b) SAR vs field plot for the Fe3O4 spheres, cubes, and nanorods of roughly 
the same volume (∼2000 nm3). 
 
 In order to compare the heating efficiency of the 1D nanorods with the heating 
efficiency of the more commonly employed 0D nanoparticles, we have synthesized spherical 
and cubic nanoparticles of the same volume (~ 2000 nm3) and studied their hyperthermia 
response. As observed in Figure 8.12, the SAR values of the nanorods (S1 and S2) are greater 
than those obtained for the spheres and cubes, especially in the high field region (>600 Oe). 
At 800 Oe the SAR value is 862 W/g for the nanorods (S2), while it only reaches 140 and 314 
W/g for the spheres and cubes, respectively. The nanorods yield greater heating efficiency 
because of their larger saturation magnetization and effective anisotropy, associated with 
their higher aspect ratio.  
8.4 Summary 
Our study reveals that FeCo nanowires present an enhanced heating efficiency, due 
to their aspect ratio and dipolar interactions. The SAR of the nanowires increases with an 
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increase in the wire length (especially above 10 μm), but even for the smallest nanowires 
(2 μm) the obtained SAR values (up to 350 W/g, at H = 300 Oe and f = 310 kHz) are 
remarkable.  On the other hand, Fe3O4 nanorods present as a better candidate for magnetic 
hyperthermia due to their smaller size and intrinsic biocompatibility. These nanorods 
possess a large saturation magnetization which is close to that of bulk Fe3O4 (∼90 emu/g). 
Due to their higher saturation magnetization and increased effective anisotropy, the Fe3O4 
nanorods show enhanced SAR values relative to their spherical and cubic counterparts. The 
SAR of Fe3O4 nanorods can be effectively tuned by varying their aspect ratio, reaching values 
up to 860 W/g for those with higher aspect ratio. Our study reveals the importance of the 
high crystallinity, saturation magnetization and aspect ratio of the 1D nanostructures for 
their use in hyperthermia, providing an effective approach for optimizing the heating 
efficiency. 
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CHAPTER 9. CONCLUSIONS AND OUTLOOK 
 
9.1 Summary 
The research of my dissertation has been aimed at developing novel magnetic 
nanoparticles that fulfil the increasing requirements of hyperthermia-based cancer 
treatment therapies. In this dissertation, I demonstrated that modifying the effective 
anisotropy of MNPs is a very effective (much less explored in literature) way to improve their 
heating efficiency.  This work has mostly focused on enhancing the effective anisotropy by 
creating exchange coupled nanostructures, changing the shape of the nanoparticles, 
increasing surface disorder, and modifying their aspect ratio. In addition, we studied how 
the size, composition, concentration, and physical rotation of the MNPs contribute to 
hyperthermia results. All of the nanostructures have been synthesized using controlled 
routes, their structure and magnetic properties have been fully characterized, and their 
heating efficiency has been investigated using a combination of calorimetric and AC 
hyperthermia methods, which has allowed us to obtain a thorough understanding of the 
physical processes that control the heating of the MNPs. The following points highlight the 
major findings of my research: 
 Core/shell Fe/γ-Fe2O3 nanoparticles have a better heating efficiency compared to 
their spherical counterparts, but the hollowing process that progressively shrinks the 
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core tends to deteriorate the heating efficiency of these MNPs. To slow down this 
process and ensure a good heating efficiency of the MNPs, the core/shell iron/iron 
oxide nanoparticles need to be greater than 14 nm. 
 In exchange coupled FeO/Fe3O4 cubic and spherical MNPs, increasing the effective 
anisotropy has a higher positive impact on their heating efficiency than increasing the 
saturation magnetization (Ms) in the same proportion.  
 By modifying the shape of the conventional Fe3O4 spherical MNPs into octopods, it is 
possible to increase their surface and shape anisotropy, thus resulting in an increase 
in their heating efficiency, especially in the high field region. In addition, by tuning 
their size, we can optimize their heating response to the externally applied AC field, 
which must be higher than the anisotropy field so as to maximize the hysteresis 
losses. 
 1D high aspect ratio nanostructures are a promising alternative to 0D MNPs for 
magnetic hyperthermia. To this respect, FeCo nanowires and Fe3O4 nanorods have 
been studied, and we have observed that in these nanostructures, parallel alignment, 
high aspect ratio, and low concentration are key ingredients to ensure the best 
heating response. 
These important findings pave the way for developing a new generation of 
multifunctional MNPs that can target and kill cancer cells inside the human body using 
magnetic hyperthermia in a much more effective and less aggressive way than conventional 
methods. 
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In addition, my research on exchange coupled core/shell and hollow iron/iron oxide 
MNPs reveals an increase of several orders of magnitude in their exchange bias capacity, 
which is crucial to beat the superparamagnetic limit that is hindering the advance in 
computer data storage.  
9.2 Future Research 
In this dissertation, I studied the heating efficiency of several kinds of 
anisotropic nanostructures, including core/shell, spherical, cubic, octopod, wires, and 
rods. I also analyzed the effects of the size, saturation magnetization, concentration, 
field magnitude, and frequency for some of them, but a more systematic study would 
provide a better understanding on the dependence of the SAR on these parameters. 
For example, one interesting project could be synthesizing different nanostructures 
in a wide range of sizes to analyze the evolution of the SAR as a function of particle 
size to determine an optimum size. There has been some controversy about this 
matter in the last few years. Currently, nanoparticles with a size around 17-20 nm are 
favored in the literature because some theoretical studies proposed that those values 
could maximize the heating efficiency, however, we found that this is only true for 
spherical particles at low fields and in a low agglomeration and viscosity 
environment, which unfortunately is not the usual case for in vivo tests. Therefore, 
further studies are needed to define which size is the optimum for more realistic 
conditions. A clear understanding of the SAR vs. size dependence for nanostructures 
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of different effective anisotropies (sphere, cubes, rods…) has thus remained to be 
investigated. 
Furthermore, in my experiments I used TMAH for coating the MNPs to make 
them water dispersible, but I have observed some limitations with the efficiency of 
this coating. To this respect, other coating materials such as Polyethylene Glycol 
(PEG), which are being widely used by the scientific community, are of potential 
interest. PEG is an FDA approved polymer and, apart from that, it apparently offers a 
series of capabilities that TMAH is lacking, such as the capacity to control the 
thickness of the coating, or to be functionalized with anticancer drugs or contrast 
agents. If we coat our nanoparticles with PEG and anticancer drugs linked to the PEG 
though a thermally labile linker, so that when the AC field is applied and the 
nanoparticles start heating, the linker would degrade and the anticancer drug would 
be released in a controlled way.  
Another interesting future research would be to create nanostructures coated with 
gold or silver, in order to make use of the plasmonic absorption of these materials. These 
materials can absorb near infrared wavelength and emit heat in the process. By applying 
both an external AC field and a near infrared laser to these hybrid nanostructures, it is 
possible to achieve a combined magnetic hyperthermia and photothermal therapy that 
would improve the heating efficiency of the nanostructures. 
Another interesting future research project would be to create nanostructures 
coated with gold or silver, in order to make use of the plasmonic absorption of these 
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materials. These materials can absorb near infrared wavelength and emit heat in the 
process. By applying both an external AC field and a near infrared laser to these 
hybrid nanostructures, it is possible to achieve a combined magnetic hyperthermia 
and photothermal therapy that would improve the heating efficiency of the 
nanostructures. 
Finally, the next and important step to further our hyperthermia studies would 
be to perform in vivo and in vitro tests with the functionalized nanostructures 
towards their real-world applications.  
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APPENDICES  
Appendix A: Fundamental study on Core/shell and core/void/shell Fe/γ-Fe2O3, 
and hollow γ-Fe2O3 nanoparticles (Exchange Bias effect) 
 
Reproduced from: “From core/shell to hollow Fe/γ-Fe2O3 nanoparticles: evolution of the 
magnetic behavior”, Z Nemati, H Khurshid, J Alonso, M H Phan, P Mukherjee, and H Srikanth, 
Nanotechnology 26 (2015) 405705 (14pp), Copyright © 2015 IOP Publishing Ltd. 
 
A.1 Introduction 
Exchange Bias (EB) effect has been reported in a large variety of multicomponent 
core–shell nanoparticles due to the pinning nature of interface spins between the core and 
the shell, such as: Fe–Cr1, Co–CoO2, 3, CrO2–Cr2O34, FeO–Fe3O45, 6, 7, MnO–Mn3O48, Fe/Fe3O49, 
10, Fe/γ-Fe2O311, 12, CoO/γ-Fe2O313, and Fe3O4/γ-Fe2O314. However, the high surface-to-
volume ratio of nanoparticles resulting in a ‘shell’ of disordered surface spins has also been 
shown to be responsible for inducing EB in single component magnetic nanoparticles: 
NiFe2O415, γ-Fe2O316, CoFe2O417. The origin of this behavior resides on the fraction of surface 
spins with decreased co-ordination (and thus weaker bonding) increasing as the particle size 
decreases. These disordered spins can take on a number of configurations, one of which can 
be chosen by field-cooling the particle to induce an EB15, 16, 17. An example of this is the case 
of γ-Fe2O3 nanoparticles, where the degree of disorder of the surface spins of the shell layer 
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to which the ferrimagnetically ordered spins of the central layer are coupled has been shown 
to be crucial for achieving EB.14 As a result, effects of both uncompensated interface and 
surface spins must be taken into account for the EB effects recently observed in Fe/γ-Fe2O311, 
12,  CoO/γ-Fe2O313, and Fe3O4/γ-Fe2O314 core/shell nanoparticle systems.  
In an attempt to decouple collective contributions of the interface and surface spin 
effects to the EB in such core/shell systems, Khurshid et al. have recently performed a 
comparative study of the magnetic properties and EB effect in Fe/γ-Fe2O3 core–shell 
nanoparticles with the same thickness of the γ-Fe2O3 shell (∼2 nm) while varying the 
diameter of the Fe core from 4 to 11nm12. Our study has shown that there exists a critical 
particle size (mean size, ∼10 nm), above which the interface spin effect contributes mainly 
to the EB, but below which the surface spin effect is dominant. This finding points to the 
importance of the finite-size effect.  
It has been noted that in a core/shell nanoparticle composed of two different 
materials the oxidization-driven migration of metal atoms from the core to the shell is likely 
to occur (via the so-called Kirkendall effect), thus producing vacancies at the core/shell 
interface that gradually coalesce into voids9, 10. A more detailed description of the void 
formation can be found in Refs 9 and 10. The Kirkendall effect has recently been utilized for 
transforming core/shell nanoparticles into hollow nanostructures, both of which hold great 
potential for applications in memristors, hyperthermia therapy in nanomedicine, and 
targeted drug delivery18, 19, 20. On the other hand, it is suggested that the presence of voids at 
the core/shell interface influences the coupling between interface spins and hence the 
magnetic properties9, 18. However, no detailed study has been performed to address this 
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hypothesis. In the case of hollow nanoparticles, the presence of additional inner surfaces has 
also been suggested to contribute to the enhanced spin disorder which gives rise to a higher 
surface anisotropy and consequently an increased EB effect18, 20. The collective magnetic 
behavior and EB effect (below the blocking temperature) have been reported to differ largely 
between the core/shell and hollow nanoparticle systems, but the reason for this has 
remained an open question9, 12, 20. Ong et al10 explicitly compared changes in the EB effect 
between Fe/Fe3O4 core/shell and Fe3O4 hollow nanoparticles with a size of 14–16 nm, but 
no attempt was made to systematically study the spin dynamics, the effect of size variation, 
or the intermediate core-void-shell structure. To address these important issues, it is 
essential to investigate how the magnetic properties of a core/shell nanoparticle system are 
modified when the core/shell morphology transforms into the core/void/shell and the 
hollow structure.  
Therefore, in this Appendix we present a systematic study of the evolution of the 
intraparticle- and interparticle-influenced magnetic properties (including EB) of these Fe/γ-
Fe2O3 core/shell nanoparticles, during their ‘hollowfication’ process, for two different size 
regimes (8 and 12 nm). The particle sizes were chosen to be above and below the critical 
value commented before (d∼10 nm)12, in order to probe finite-size effects on the magnetism 
of a particle system with various morphologies. We demonstrate that a transformation in 
morphology from the core/shell to hollow nanoparticles resulted in a strong modification in 
the magnetization dynamics and EB effect. A distinctly different magnetic behavior has been 
observed for the 12 and 8 nm particles. These are attributed to the formation of voids in the 
core/void/shell structures, the appearance of additional inner disordered surface spins in 
the hollow structures, and the finite size effect related to the ferrimagnetic character of 
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maghemite and the unbalanced number of spins in an antiparallel arrangement. Since the 
diagnostic and therapeutic advantages of the Fe/γ-Fe2O3 core/shell and γ-Fe2O3 hollow 
nanoparticles stem from their static and dynamic magnetic properties along with their 
ability to impact cell-specific functionality21, 22, 23, our study not only resolves the diverse 
results reported in previous works9, 10, 12, 13, 14, 18, 19, 20, but also paves the way for tuning 
magnetic anisotropy in exchange coupled magnetic nanostructures for applications in 
advanced hyperthermia24, 25 and spintronics2. 
 
A.2 Structural characterization 
Figures A.1(a)–(c) show conventional bright-field TEM images of the 12 nm 
core/shell, core/void/shell, and hollow nanoparticles (scale bars are 20 nm), along with a 
representative histogram of the particle size population as observed from the TEM image of 
the core/shell nanoparticles (inset of Figure A.1(a)). The size distribution results for the 
other nanoparticles are very similar. Contrast variation in the center of the core/shell 
nanoparticles clearly indicates that with increasing time, the core of the nanoparticles 
becomes progressively smaller until it finally disappears. A clear transformation in the 
morphology from core/shell to core/void/ shell and to hollow is seen in the TEM images of 
Figure A.1 (a)–(c). The average particle diameter, core diameter, and shell thickness of the 
12 and 8 nm core/shell nanoparticles before and after transforming into the core/void/shell 
and hollow structures are listed in Table A.1. It is worth noting herein that both the core size 
and the shell thickness were altered during the core/shell to hollow transformation process. 
For both the 8 and 12 nm nanoparticles, the average particle diameter increases 
considerably when transforming from the core/shell to hollow morphology. Under this 
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transformation, the shell thickness increases significantly for the case of the 12 nm particles, 
while it remains almost unchanged for the case of the 8 nm particles. These morphological 
changes are shown below to significantly influence the static and dynamic magnetic 
properties of the nanoparticles. The SAED pattern of the 12 nm hollow nanoparticles is 
presented in the inset to Figure A.1(c), and is indexed to be fcc iron-oxide.  
 
 
Figure A.1: Bright-field TEM images of the 12 nm Fe/γ-Fe2O3 (a) core/shell, (b) core/void/shell, and (c) hollow 
nanoparticles; Inset of figure A.1(a) shows a histogram of the particle size populations for the 12 nm core/shell 
nanoparticles and inset of figure A.1(c) shows SAED pattern of hollow nanoparticles. HRTEM images of (d) 
core/shell, (e) core/void/shell and (f) hollow nanoparticles. The scale bar is 20 nm in figure (a-c) and is 5nm 
in figure (d-f). The discontinuous lines in ‘f’ shows grain boundaries of nanograins in hollow nanoparticles. 
 
HRTEM images of core/shell, core/void/shell, and hollow nanoparticles are 
respectively displayed in Figures A.1(d)–(f). These HRTEM images reveal the crystalline 
structure of both core and shell with lattice spacing of 2.02 Å for the core and 2.52 Å for the 
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shell corresponding to (110) planes of bcc iron and (311) planes of fcc iron oxide phase, 
respectively. The Fe core is single crystalline, however, the shell of γ-Fe2O3 is composed of 
small crystallites which are oriented randomly, as described in Figure A.1(f). In addition, we 
have recently performed x-ray absorption near edge spectroscopy (XANES) on these 
samples, and the fitting results (not shown here) corroborate that the shell is mostly formed 
by maghemite, while the core is composed of Fe. 
 
Table A.1: Nanoparticle diameter, core diameter and shell thickness, as determined by TEM for the two batches 
of samples analyzed. 
 D (nm) Core (nm) Shell (nm) 
C/S (12 nm) 11.6(5) 7.1(4) 2.2(1) 
C/V/S (12 nm) 12.3(6) 4.7(2) 2.1(1) 
H (12 nm) 14.7(7) - 3.2(2) 
C/S (8 nm) 7.5(4) 3.0(1) 2.2(1) 
H (8 nm) 9.4(5) - 1.9(1) 
 
A.3 Magnetic Characterization 
 
The temperature dependence of magnetization (M-T) was measured under the zero-
field-cooled (ZFC) and field-cooled (FC) protocols in a field of 100 Oe for all samples 
investigated. Figure A.2(a) shows the ZFC M-T curves measured for the three samples. These 
curves have been normalized to Mmax for comparison. Clearly, the ZFC M-T curves exhibit a 
typical peak at temperature TP-ZFC, which displaces towards a lower temperature when the 
morphology changes from core/shell to core/void/shell and hollow (Table A.2). During this 
process, the mass normalized magnetization progressively decreases, and the ZFC and FC 
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magnetization branches become more separated, with the irreversibility, Tirr, taking place at 
increasingly higher temperatures (see Figure A.2(b) and its inset). At low temperatures T < 
TP-ZFC, the FC M-T curves show different behaviors; for the core/shell sample the FC 
magnetization first decreased with lowering temperature just below TP-ZFC and then became 
almost unchanged, while for the hollow sample the FC magnetization first increased and then 
remained constant. These results clearly indicate that the thermal dependent magnetic 
behavior of the 12 nm particles was largely altered as the core/shell morphology became 
progressively hollow.  
 
 
Figure A.2: (a) Normalized ZFC M-T curves for the 12 nm core/shell, core/void/shell, and hollow 
nanoparticles; (b) ZFC and FC M-T curves for the core/shell and hollow (see inset) nanoparticles, together with 
the derivative curve that defines <TB>; (c) Inverse susceptibility curves with their corresponding Curie-Weiss 
fits at high temperatures; (d) The fit of the ZFC M-T curve for the core/shell nanoparticles using an expression 
based on the Stoner-Wohlfarth model. 
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It is generally accepted that for an ensemble of non-interacting, monodisperse 
nanoparticles, the peak in a ZFC M-T curve (TP-ZFC) is referred as to the mean blocking 
temperature (TB), and is defined as the temperature at which the relaxation time of the 
nanoparticles, τ, is equal to the measurement time of the system, tm. For superparamagnetic 
non-interacting nanoparticles, the relaxation time is given by the Néel expression τ = τ0 
exp(KV/kBT), being K the anisotropy constant of the nanoparticles, V the volume of each 
nanoparticle, and 𝜏0 is related to the gyromagnetic precession (10-9 – 10-10 s). In the 
particular case of a VSM, the measurement time can be considered to be tm ~100 s and 
therefore TB ≈ KV/25kB. In this kind of system, Tirr often takes place near TP-ZFC, and the FC 
magnetization continuously increases with decreasing temperature. This clearly differs from 
the behavior observed for our nanoparticles (Figure A.2), suggesting that the energy barrier 
is being significantly affected by the different nature of the core and the shell, inter-particle 
and intra-particle interactions, surface disorder, and finite-size distribution11.  Therefore, TP-
ZFC may not represent the true blocking temperature of the presently studied nanoparticles. 
To be more precise, we have defined the mean blocking temperature, <TB>, as the 
temperature at which the maximum number of nanoparticles enters a blocked state as 
temperature decreases. Taking this into account, <TB> can be easily determined from the 
peak position in the d(MFC-MZFC)/dT 26,  as illustrated in Figure A.2(b). The values of <TB> of 
the samples are summarized in Table A.2.  
 
 
 
 
158 
 
Table A.2: ZFC peak position, average blocking temperature, effective anisotropy and Curie temperature as 
determined from the ZFC/FC curves for the 12 nm nanoparticles. 
  
 
 
 
 
According to the Neel-Arrhenius magnetic relaxation model, <TB> of a particle system 
is proportional to the average anisotropy and volume of the nanoparticles, <TB> = KV/25kB. 
This would lead to a general expectation that <TB> increases as the nanoparticles transform 
from the core/shell to hollow morphology, since the total volume effectively increases (from 
800 to 1400 nm3). But, unlike the case of nanoparticles made up of one kind of material, for 
our nanoparticles we have to consider the individual core (Fe) and the nanograins (-Fe2O3) 
in the shell as different magnetic entities with different blocking temperatures11, 10. Since the 
nanograins in the shell are not spherical and possess a considerable size distribution (Figure 
A.1(d)), an accurate determination of the average grain size is not easy10, 19, 20. However, we 
can suppose, in a first approximation, that the average grain size is close to the shell 
thickness. Using these values and the previously obtained <TB>, the effective anisotropy of 
the -Fe2O3 hollow nanoparticles is estimated to be ~9.5 106 erg/cm3, which is two orders of 
magnitude higher than that of bulk maghemite (4.5×104 erg/cm3) and compares well with 
the values reported for these kinds of systems.20, 27 It is also noted that the anisotropy axis in 
each individual crystallite can lead to a formation of multiple magnetic domains in the shell. 
For the core/shell and core/void/shell nanoparticles, the analysis becomes even more 
cumbersome, because of the presence of the core, with its own anisotropy constant, that will 
 TP-ZFC (K) <TB> (K) K (erg/cc) TC (K) 
C/S 111(5) 73(5) 1.5(2) 106 59(5) 
C/V/S 94(5) 65(5) 4.1(8) 106 11(5) 
H 60(5) 47(5) 9(2) 106 -320(9) 
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also affect the effective anisotropy of the shell due to core/shell interactions. For the 
core/shell and core/void/shell nanoparticles, if we assume that, due to the higher 
magnetization of the Fe core, we are mostly seeing the blocking of the Fe cores at <TB>, the 
effective anisotropy is determined to be ~1.5×106 erg/cm3 and ~4.1×106 erg/cm3, 
respectively, which is one order of magnitude larger than that of bulk Fe (~5×105 erg/cm3). 
Since we are not considering the contribution of the shell grains to the anisotropy, these 
values should be regarded as purely qualitative estimations. 
As we noted above, there are some distinct differences in the FC M-T behavior 
between the core/shell and hollow nanoparticles (Figure A.2(b)). For the hollow 
nanoparticles, a large separation between the ZFC and FC magnetization branches can be 
related to the size distribution of the nanograins inside the shell, the presence of large 
exchange anisotropy, and the effects of inter-particle and intra-particle interactions. For the 
core/shell nanoparticles, the FC magnetization abruptly decreases (ΔFC = 23%) from TP-ZFC 
down to 50 K, below which it remains almost constant. This decrease of the FC magnetization 
in systems of interacting solid nanoparticles at low temperatures has been attributed to the 
onset of a collective glassy behavior and/or to the freezing of surface spins16, 28, 29. On the 
other hand, for the hollow nanoparticles the FC magnetization keeps increasing below TP-ZFC 
and reaches a maximum around 40 K, below which it experiences a much smaller decrease 
(ΔFC = 0.5%). This behavior is more similar to that reported for non-interacting 
superparamagnetic (SPM) systems.  
The strength and nature of magnetic interactions in the present nanoparticles can be 
further analyzed by fitting the ZFC-FC curves for T > TP-ZFC to a Curie-Weiss model. It is well 
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known that in the SPM regime (T > <TB>), the magnetic susceptibility of a particle system can 
be typically described by a Curie-Weiss law: 
𝜒 =
𝐶
𝑇−𝑇𝐶
   (A.1) 
Where C is a constant, which depends on the magnetic moment of the nanoparticles, and TC 
is a temperature whose absolute value can be considered as a measure of the strength of 
interparticle interactions. As can be seen in Figure A.2(c), reasonable fits have been obtained 
for all three samples in the high temperature range. The TC values are determined to be 59, 
11, and -320 K, for the core/shell, core/void/shell, and hollow nanoparticles, respectively. 
The change in sign of TC could suggest some considerable change in the magnetic behavior 
of the nanoparticles when the core/shell morphology was changed into the hollow structure. 
For the core/shell nanoparticles, the positive sign indicates that ferromagnetic (FM) 
interactions are established between the nanoparticles, probably of dipolar nature since the 
nanoparticles are not in contact due to the surfactants on their surfaces, and mainly 
mediated by the Fe cores. Since the size of the core diminishes for the core/void/shell 
nanoparticles, the strength of these interactions also diminishes, consistent with the 
observation that TC decreased from 59 K for the core/shell nanoparticles to 11 K for the 
core/void/shell nanoparticles. For the hollow nanoparticles, however, we have obtained a 
high negative value of TC (-320 K). Given the very small size and high anisotropy of the 
randomly oriented nanograins inside the shell, it is reasonable to attribute this to the relative 
orientation of the anisotropy axes of the shell nanograins with respect to the magnetic field30, 
rather than to the existence of very strong antiferromagnetic (AFM) inter-grain interactions, 
although the latter cannot be completely ruled out. 
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To further probe this, we have compared our experimental ZFC results with the 
theory. For simulations, we have used an expression derived from the Stoner-Wohlfarth 
model26. In principle, this model was designed for non-interacting uniaxial nanoparticles, 
but, in a first approximation, it can be considered that the presence of interparticle 
interactions will mainly affect the effective anisotropy constant, K. According to this model, 
the ZFC magnetization is given by: 
𝑀𝑍𝐹𝐶 =⁡∫ 𝑀𝑍𝐹𝐶
𝑆𝑃𝑀𝑉𝑐
0
𝑓(𝑉)𝑑𝑉 + ∫ 𝑀𝑍𝐹𝐶
𝑏𝑙∞
𝑉𝐶
𝑓(𝑉)𝑑𝑉⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(A.2) 
Where the first and second terms correspond to the blocked (V < VC) and the un-blocked SPM 
nanoparticles (V > VC), respectively, being: 
𝑀𝑍𝐹𝐶
𝑆𝑃𝑀 = 𝑀𝑜𝐿 (
𝜇0𝑀𝑠𝑉𝐻
𝑘𝐵𝑇
)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑀𝑍𝐹𝐶
𝑏𝑙 = 𝑀𝑜
𝜇0𝑀𝑠𝐻
3𝐾
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(A.3) 
L(x) corresponds to a Langevin function, L(x) = cotanh(x)-1/x, Mo is the saturation 
magnetization of the system of nanoparticles (given by the M-H loops), and MS is the 
saturation magnetization of each nanoparticle according to their composition (e.g. MS = 392 
emu/cm3 for bulk maghemite). The function f(V) or f(D) is the particle size distribution; in 
our case a log-normal function defined by two parameters (𝛼 and 𝛽) has been used, as shown 
below: 
𝑓(𝐷) =
1
𝐷𝛽ξ2𝜋
∙ 𝑒𝑥𝑝 (−
(𝑙𝑛𝐷−𝑙𝑛𝛼)2
2𝛽2
)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(A.4) 
In this distribution, the mean diameter and standard deviation are given by: 
𝐷 = 𝛼exp⁡(𝛽2 2)⁡,⁡⁡⁡⁡⁡⁡⁡⁡⁡𝜎2 = 𝐷
2
(
𝐷
2
𝛼2
− 1)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁄ (A.5) 
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As observed in Figure A.2(d), a good fit with this model has been obtained only for the 
core/shell nanoparticles. The main problem with the fittings for the core/void/shell and 
hollow nanoparticles is the slower decay of the magnetization above TP-ZFC, which can be 
related to the broader distribution of energy barriers of the shell nanograins. For the 
core/shell nanoparticles, the average size is estimated to be D = 7.0 nm, which is close to the 
core size determined from the TEM image (Figure A.1(a)), and the obtained value of K = 
1.5x106 erg/cm3 is also close to that estimated above. This indicates that at T ~55 K, the 
magnetic behavior of the core/shell system can be understood in terms of an ensemble of 
interacting nanoparticles, with an effective size close to that of the Fe core, which starts to 
become collectively blocked at T ~100 K. Since the interactions are mainly of dipolar nature, 
we can estimate the dipolar temperature, Tdip = Edip/kB, for the core/shell nanoparticles. The 
value of the dipolar energy Edip is given by: 
𝐸𝑑𝑖𝑝 =⁡
𝜇0𝜇
2
4𝜋𝐿3
  (A.6) 
Since the nanoparticles in our study are packed together, though not in direct contact 
due to the presence of surfactants (see Figure A.1), L can be considered to be close to the 
diameter of the particle (L ~12-13 nm). Accordingly, the value of Tdip for the core/shell 
nanoparticles is calculated to be ~95 K, which is close to TP-ZFC (111 K), corroborating the 
dipolar nature of the interactions in this system. For the hollow nanoparticles, however, Tdip 
is close to 0 K, suggesting that as the nanoparticles become hollow, dipolar interparticle 
interactions become less relevant.  
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Figure A.3: (a) Normalized hysteresis M-H loops measured at 5 K under ZFC protocol, and at 300 K for the 12 
nm (b) core/shell, (c) core/void/shell and (d) hollow nanoparticles, together with their fits to the Langevin 
(SPM) + paramagnetic (PM) function. 
 
To probe the magnetic field evolution of the magnetization in the core/shell, 
core/void/shell, and hollow morphologies, we have measured and analyzed the magnetic 
hysteresis (M-H) loops at low (5 K) and high (300 K) temperatures. As can be seen in Figure 
A.3(a), the M-H curves measured at 5 K under ZFC protocol show a clear hysteresis and a 
non-saturating behavior. The loops have been normalized to M50kOe for comparison. The 
overall shape of the M-H loops changes slightly when going from the core/shell to 
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core/void/shell morphology, with a small increase of the high field slope and a decrease of 
the saturation magnetization. The decrease of the coercivity when going from the core/shell 
to core/void/shell morphology has been attributed to the detachment of the core from the 
shell31. For the hollow nanoparticles, however, the shape of the M-H loops changes 
drastically, presenting an elongated shape with a pronounced increase of the coercivity and 
the high field slope. As summarized in Table A.3, as the nanoparticles become hollow, the 
normalized remanence decreases, while the coercivity greatly increases.  
 
Table A.3: coercivity, Hc, and normalized remanence, Mr/Ms, at 5K; and estimated average size, D, and size 
distribution, σ, SPM and PM contributions, as obtained from the fittings of the hysteresis loops at 300K for the 
12 nm nanoparticles. 
 Hc 5K (Oe) Mr/Ms 5K D (nm) 300K σ (nm) 300K %SPM 300K %PM 300K 
C/S 690(20) 0.18(4) 7.3(5) 0.7(1) 93(4) 7.0(3) 
C/V/S 540(20) 0.10(2) 5.5(3) 1.1(2) 70(3) 30(2) 
H 1870(20) 0.12(2) 3.5(2) 2.4(4) 68(3) 32(2) 
 
The M-H loop for the hollow nanoparticles, especially at low temperatures, resembles 
those of frustrated and disordered random anisotropy magnets, and the same features have 
also been observed in similar hollow maghemite nanoparticles with strong shell 
anisotropy32. This suggests that there is a higher frustration for the spins in the shell of the 
hollow nanoparticles in comparison with the core/shell and core/void/shell ones. On the 
other hand, for the core/shell and core/void/shell nanoparticles, the presence of the Fe core 
and the reduced volume of the shell (Vsh ~ 650 nm3 for the core/shell and core/void/shell 
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nanoparticles, while Vsh ~ 1400 nm3 for the hollow nanoparticles) give a behavior more 
similar to the one expected in interacting nanoparticle systems. 
To understand the relative contributions of the disordered surface and interface spins 
to the magnetization of the nanoparticles, we have analyzed the M-H loops measured at 300 
K. As observed in Figure A.3(b-d), all the M-H curves present no hysteresis, meaning null 
coercivity and remanence, and a linear contribution at high fields that tends to increase when 
going from the core/shell to hollow morphology. This linear contribution can be associated 
with the presence of an increasing amount of surface and interface spins which behave in a 
paramagnetic (PM) way. To quantify this, we have fitted the M-H loops using two 
contributions: (i) a SPM contribution corresponding to the magnetization of the cores and 
shell grains, and b) a PM contribution associated with uncompensated spins: 
𝑀(𝐻) = 𝑀𝑜 ∫ 𝐿 (
𝜇𝐻
𝑘𝐵𝑇
) 𝑓(𝐷)𝑑𝐷
∞
0
+ 𝜒𝑃𝑀𝐻⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(A.7) 
Where χPM is the PM susceptibility. As can be seen in Figure A.3(b-d), good fits have been 
obtained for the three samples, indicating that the average estimated size decreases when 
the morphology changes from core/shell to hollow, but the size distribution becomes bigger.  
This agrees with our previous analysis on the ZFC M-T curves. For the core/shell and 
core/void/shell nanoparticles, the estimated size is similar to the core of the nanoparticles, 
indicating that the SPM behavior originates mainly from the Fe cores. For the core/shell 
nanoparticles, the Fe core occupies 23% of the total volume of the particle, but since the 
magnetization of Fe (1710 emu/cm3) is much higher than γ-Fe2O3 (392 emu/cm3), the 
magnetic contribution (emu) per particle represents nearly a 60%. For the hollow 
nanoparticles, however, the average size is close to the shell thickness and can be associated 
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with the grains inside the shell, that present a considerable size distribution. In addition, the 
PM contribution, which is minimal for the core/shell nanoparticles, 7%, becomes much more 
important for the core/void/shell nanoparticles, 30%, due to the detachment of the core 
from the shell, which originates from the apparition of additional uncompensated spins at 
the inner and outer surfaces of the shell and the core, respectively. On the other hand, for the 
hollow nanoparticles, taking into account the disappearance of the core and the increase in 
the shell thickness, the relative number of uncompensated spins, and thereby the PM 
contribution, would be expected to diminish.  Instead, it remains almost the same ~30%. 
Together with the M-H data at 5 K, this suggests that for the hollow nanoparticles, the 
number of uncompensated spins must increase and be related to the increase in the 
thickness of the shell observed for these nanoparticles. This can be understood if we consider 
that each shell nanograin is composed of central and surface spins, following the model 
presented by Cabot et al.33. According to this model, in the hollow nanoparticles (thickness 
~3.2 nm) we have an exchange coupling between the irreversible outer (surface) spins and 
the ferrimagnetically ordered and reversible inner (core) spins. This can result in an 
additional source of frustration which is not observed when the shell is thinner, such as in 
the case of the core/void/shell nanoparticles (at a shell thickness ~2.2 nm). 
A striking consequence of the different orientation of the surface and core spins, as 
well as the large number of uncompensated spins at the shell of the nanoparticles is the 
observation of exchange bias (i.e. a horizontal shift in the M-H loop and an increase in 
coercivity after cooling in a magnetic field). Figure A.4(a) shows the M-H loops measured at 
5 K under the FC (50 kOe) protocol. As can be seen in this figure, the shapes of these M-H 
curves are similar to those measured under the ZFC protocol, but with higher coercivity and 
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the M-H loops being shifted along both the horizontal and vertical directions. It is noted that 
for the hollow nanoparticles the maximum applied field is smaller than the irreversibility 
field, so the shift observed in the M-H loop may not represent a real EB effect, but just a minor 
hysteresis loop. Nevertheless, we will also be referring to it as exchange bias. Another 
interesting feature is the presence of a sharp change or a jump in the magnetization at low 
fields, ∆M, in the M-H loop as indicated by an arrow, which appears both in the core/shell 
and hollow nanoparticles. A noticeable difference in this jump is observed between these 
two samples. For the core/shell nanoparticles, this jump only appeared at 5 K after FC and 
during the negative field sweep. For the hollow nanoparticles, however, the jump was 
observed below 25 K in both the positive and negative field sweeps and under both the FC 
and ZFC protocols. For the core/shell nanoparticles, the jump can be easily related to the 
unidirectional alignment of frozen interfacial spins with FC, which provides a maximum 
exchange coupling between the core and the shell. As the field drops, this core/shell coupling 
is overcome by the random crystalline anisotropies in the shell, resulting in a 
demagnetization of the shell10. This would also explain why no jump was observed for the 
core/void/shell nanoparticles.  
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Figure A.4: (a) Normalized hysteresis M-H loops measured at 5 K under FC protocol, and the temperature 
dependence of the (b) coercivity, (c) the horizontal shift or the EB field and the vertical shift, for the 12 nm 
core/shell, core/void/shell and hollow nanoparticles. In the inset to (a) a zoom-in of the hysteresis loops region 
exhibiting the “jump” is presented. 
 
However, for the hollow nanoparticles (with the absence of interface spins between 
the core and the shell), the appearance of a jump below 30 K must be related to the coupling 
between the central layer and surface spins in the nanograins, as explained before. 
Moreover, for these hollow samples an asymmetrical magnetization reversal has been 
observed in the FC M-H loops measured below ~30 K; the descending branch of the M-H 
loops shows a much slower approach to saturation than the ascending one, which has been 
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attributed to the competing anisotropy and spin orientation in the shell5, 34. This again 
suggests that ~30 K marks the onset for a spin freezing phenomenon at the shell nanograins 
of the hollow nanoparticles. 
Figure A.4(b, c) shows the temperature dependence of the coercivity, HC, and the EB 
field, HEB, for the three samples after field cooling in 50 kOe. It can be observed that for all 
the samples both HC and HEB progressively decrease with increasing temperature. HEB 
becomes close to zero above ~30 K, while HC is still non-zero above this temperature. This 
indicates that for the three samples, below ~30 K, surface and interface atoms at the shell 
start to freeze, as supported by the increase in coercivity, behaving as pinning centers for the 
development of EB. Above this temperature, these “melted” spins no longer contribute to the 
EB, but they are still exchange coupled with the nearby atoms from the core and/or the shell 
grains, thus contributing to the coercivity10. It can be seen that while the HC values of the 
core/shell and core/void/shell nanoparticles are similar, a slight increase in HEB is observed 
for the core/void/shell sample. As discussed before, for the core/void/shell sample the 
number of uncompensated spins greatly increased in comparison with the core/shell ones, 
due to the detachment and decrease in size of the core. This is also confirmed by the increase 
in the vertical shift of the hysteresis loops (see Figure A.4(d)), which has been defined as: 
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑀𝑣𝑒𝑟𝑡 =
1
2(𝑀𝑚𝑎𝑥−𝑀𝑚𝑖𝑛)
  (A.8) 
This value of Mvert is proportional to the number of frozen spins that cannot be 
reversed by the magnetic field12, and, in principle, HEB should depend linearly on the ratio of 
number of frozen spins to reversible spins: 
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𝐻EB ∝
𝑀𝑣𝑒𝑟𝑡
𝑀𝑚𝑎𝑥
   (A.9) 
Hence, the increase in HEB for the core/void/shell sample can be interpreted in terms 
of an increase in the number of frozen spins at the inner and outer surface of the shell, which 
act as pinning centers for the EB phenomenon. However, although hollow nanoparticles 
present a similar relative number of uncompensated spins as core/void/shell nanoparticles 
(~30 %), HEB is much larger for these, reaching values of ~7 kOe at low temperatures. This 
indicates that the coupling between the central and surface atoms in each nanograin, 
together with the strong anisotropies and big size distribution of the nanograins in this shell, 
give rise to a remarkable EB effect that is not observed in the case of the core/shell and 
core/void/shell nanoparticles having a thinner shell. This indicates that the hollow 
nanoparticles are very promising for EB-based spintronics applications and that the shell 
thickness is crucial in order to enhance the EB effect in these systems. 
To probe the spin dynamics of these nanoparticles, AC susceptibility measurements 
were systematically performed on the samples by applying a 10 Oe AC field within the 
frequency range 10 Hz to 10 kHz. By changing the frequency, we are deliberately changing 
the probe time, τ = 1/ω = 1/2πf, which allows us to probe the relaxation of the magnetic 
moments in different time windows. Figure A.5 shows the real, χ’, and imaginary, χ’’, 
components of the AC susceptibility. 
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Figure A.5: Temperature dependent AC susceptibilities of the 12 nm core/shell, core/void/shell and hollow 
nanoparticles. The arrows indicate the shift of the curve peaks as f increases. 
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It can be observed that for all the samples a clear maximum is obtained in both 
components. The position of χ’ maximum, Tm’, has been typically associated with the 
collective freezing temperature of the system. With increasing frequency, this peak becomes 
smaller and its position displaces towards higher temperatures, as it is typical in disordered 
systems such as spin glasses35. Above this maximum, the χ’(T) curves overlap and there is a 
continuous decay of the susceptibility. On the other hand, the imaginary part, χ’’, has been 
associated with the appearance of dissipative processes in the system, with its position given 
by Tm’’. It can be seen that there are some interesting differences in the evolution of χ’’ for the 
core/shell on one hand, and the core/void/shell and hollow nanoparticles on the other hand. 
For the core/shell nanoparticles, χ’’ increases with increasing frequency, as is conventional 
in systems of magnetic nanoparticles, but there is a change below ~80 K, where it decreases. 
On the other hand, for the core/void/shell and hollow nanoparticles, χ’’ slightly decreases 
with increasing frequency. This behavior indicates a more frustrated state for the 
core/void/shell and hollow nanoparticles (see for example, Frey et al.36). In addition, the 
change in the evolution of χ’’ for the core/shell nanoparticles reveals two different freezing 
processes taking place, as already hinted by DC ZFC-FC measurements; one starting around 
100 K associated with the collective freezing of the nanoparticles and mediated by dipolar 
inter-particle interactions, and the second one at lower temperatures, which for its similarity 
with the core/void/shell and hollow nanoparticles, must be associated with the freezing of 
the nanograins inside the shell. Above the maximum, χ’’ falls towards zero in the three cases, 
indicating that at high temperatures the system enters into a SPM-like state37.  
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Figure A.6: Fits of τ vs T using the (a) Vogel-Fulcher and (b) critical slowing down (double-logarithmic plot) 
models for the 12 nm core/shell, core/void/shell and hollow nanoparticles. 
 
In order to obtain more quantitative information about the different collective 
magnetic behaviors at low temperatures, we have analyzed the displacement of the χ’ peak 
as a function of the frequency. The peak shift can be quantified by: 
𝛤⁡ = ⁡
ο𝑇m’
𝑇m’οlog𝜔
   (A.10) 
The obtained values of Γ (Table A.4) are close to those of spin glass-like systems (Γ < 
0.06). Γ increases as the morphology changes from core/shell to hollow, which can be related 
to the weakening of the interactions38. An attempt to fit the Tm’ vs f dependence using a Neel-
Arrhenius expression, typical of SPM systems, yielded unphysical values. Thus, we have 
extended our analysis to the Vogel-Fulcher model, which is actually a phenomenological 
modification of the Neel-Arrhenius model to include the effect of the interactions in the form 
of a change to the energy barrier, as given by an additional temperature, TVF. According to 
this model, the relaxation of the magnetic moments in our systems is assessed by: 
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𝜏 = 𝜏𝑉𝐹 exp (
𝐸𝑎
𝑘𝐵(𝑇−𝑇𝑉𝐹)
)   (A.11) 
where Ea = KV is the anisotropy energy barrier and τVF is the relaxation time of each magnetic 
nanoparticle. TVF is in principle related to the strength of the interactions. As can be seen in 
Figure A.6(a), good fits have been obtained in all the cases. The obtained τVF values are within 
the typical limits of the relaxation times of individual nanoparticles or clusters (10-8 - 10-12 
s). As the nanoparticles become hollow, the energy barrier progressively increases.  The 
decrease in TVF is related to the decrease in <TB>, which suggests a weakening of the inter-
particle interactions for the core/void/shell and hollow nanoparticles. 
Since the Γ values and the FC M-T features suggested the presence of a glassy freezing 
at low temperatures, we have employed a critical power law, which is mostly associated with 
spin-glass systems: 
𝜏 = 𝜏𝐶 ⁡(
𝑇
𝑇𝑔
− 1)
−𝑧𝑣
  (A.12) 
Here Tg marks the onset of the collective glassy behavior, τC corresponds again with the 
relaxation time of each magnetic nanoparticle, and zv is a critical exponent related to the 
correlation length that diverges at Tg. Again, very good fits have been obtained for the three 
samples (Figure A.6(b)). The obtained values of Tg are close to those of <TB> for the 
core/void/shell and hollow nanoparticles, and close to TP-ZFC for the core/shell 
nanoparticles. This indicates that we are probing the freezing of the shell grains in the first 
two cases and the collective blocking of the nanoparticles in the last one. As the particles 
become hollow, both zv and τC increase. Higher zv values have been reported in the case of 
cluster-glass systems and can be attributed to the increased disorder of the spins in the shell. 
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Table A.4: Analysis of the relaxation times for all three samples, based on the Vogel-Fulcher and power law 
descriptions of the spin dynamics for the 12 nm nanoparticles. 
 Γ τVF (s) E/kB (K) TVF (K) τC (s) zv Tg (K) 
C/S 0.019(2) 3.7(2) 10-12 260(20) 92(9) 5(1) 10-11 4.2(6) 95(9) 
C/V/S 0.039(3) 7(2) 10-12 440(40) 56(6) 1.0(4) 10-10 10(2) 65(7) 
H 0.050(4) 2.1(9) 10-11 510(50) 45(5) 7.9(6) 10-9 11(2) 52(5) 
 
In short, we have observed a clear change in the magnetic behavior of the 12 nm 
core/shell nanoparticles as they become hollow. The core/shell nanoparticles behave like an 
ensemble of interacting nanoparticles, with a collective freezing of spins into a SSG-like state 
below 100 K, mediated by inter-particle dipolar interactions. The shell becomes frozen at 
around 30 K and the EB effect is observed below this temperature, due to the freezing of 
core-shell interface spins. As the core detaches from the shell and the morphology 
transforms into core/void/shell, the magnetization of the system decays, inter-particle 
interactions become weaker, and the effective anisotropy increases due to an increase in the 
number of uncompensated spins both at the inner and outer surfaces of the shell and the 
core, respectively. A slight increase of the EB is achieved as a result. The changes are more 
drastic when the nanoparticles become completely hollow. In this case, the magnetic 
behavior is only associated with the spins in the nanograins forming the polycrystalline shell. 
Due to the increase of the shell thickness, a coupling between the ferrimagnetic central spins 
layer and the disordered surface spins is established inside these nanograins. This gives rise 
to a highly frustrated magnetic state, which greatly increases the EB effect, indicating that 
the morphology of the shell plays a crucial role in this kind of exchange-biased systems. 
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Below the freezing temperature of the shell, 30 K, the system presents a spin glass like 
behavior. 
 
 
Figure A.7: (a) ZFC/FC M-T curves for the 8 nm core/shell and hollow nanoparticles; (b) Normalized hysteresis 
loop measured at 5 K and (c,d) at 300 K together with the fits using the Langevin (SPM) + paramagnetic (PM) 
function. In the inset to d), Thermal evolution of the coercivity and the EB field for the hollow nanoparticles. 
 
In addition the effect of disordered surface spins, the finite-size effect has been 
reported to be important in ferrimagnetic nanoparticle systems12. This effect arises mainly 
from an unbalanced number of spins in an antiparallel arrangement, which usually differs 
from the bulk material and is expected to vary significantly as the particle size is reduced 
below a critical size. In comparison with the case of the 12 nm nanoparticles (with particle 
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size larger than the critical size, 10 nm), we have also studied the magnetic properties of 8 
nm nanoparticles, that is, below the critical size. The main results are shown in Figures A.7 
and A.8. Figure A.7(a) shows the ZFC-FC M-T curves measured in a field of 100 Oe for the 8 
nm core/shell and hollow nanoparticles. It can be observed that the curves are very similar 
for both samples, except for a slight displacement of the maximum position, TP-ZFC. Here we 
note that the Fe core only occupies 6% of the whole volume of the nanoparticle, which is 
nearly 4 times less than in the case of the 12 nm nanoparticles. As a result, a similar magnetic 
behavior can be expected for both the core/shell and hollow nanoparticles. Weaker dipolar 
inter-particle interactions are also expected for these nanoparticles, as compared to the 12 
nm nanoparticles. Above TP-ZFC, the magnetization decays progressively, approaching zero at 
high temperatures. The values of <TB> are estimated using the same method employed 
before for the 12 nm nanoparticles. It is interesting to note that in contrast to the case of the 
12 nm nanoparticles, <TB> increases when the morphology changes from core/shell to 
hollow for the case of the 8 nm nanoparticles: from 45 K for the core/shell morphology to 54 
K for the hollow ones. This increase in <TB> cannot be solely attributed to the enhancement 
in the surface anisotropy in the particles with hollow morphology, as suggested in the 
previous work [34], but must be also related to the finite-size effect of the nanoparticles. This 
finding points towards the importance of the finite-size effect in these systems, which fully 
agrees with our previous observation of a critical particle size (mean size, ~10 nm) for the 
Fe/-Fe2O3 core/shell nanoparticles, above which the interface spin effect contributes 
mainly to the EB, but below which the surface spin effect is dominant. On the other hand, 
both samples show a small and similar decrease in the FC magnetization below TP-ZFC, which 
can be attributed to the presence of a SG-like state of the shell at low temperatures. It is noted 
178 
 
that we no longer observe the splitting between the ZFC and FC magnetizations for the 
hollow nanoparticles. This suggests a smaller size distribution of the nanograins in the 8 nm 
hollow nanoparticles than in the 12 nm hollow nanoparticles. Except at very high 
temperatures, a strong deviation of the Curie-Weiss law is observed for the 8 nm samples, 
which has been typically found in SG systems.35 
We have also measured the M-H loops at 5 K and 300 K for the 8 nm core/shell and 
hollow nanoparticles. As can be seen in Figure A.7 (b), at 5 K the M-H loops are very similar 
for both samples. The HC of both 8 nm nanoparticles is ~1250 Oe, which is smaller than that 
of the 12 nm hollow nanoparticles (~1870 Oe) but larger than that of the 12 nm core/shell 
nanoparticles (690 Oe). On the other hand, the room-temperature M-H loops present a 
Langevin-type non-hysteretic behavior (Figure A.7 (c, d)), with a PM contribution of 27% 
and 36% for the core/shell and hollow nanoparticles, respectively. These results indicate 
that by decreasing the particle size from 12 nm to 8 nm, the number of uncompensated spins 
increases. In particular, if we compare the volume occupied by inner and outer surface spins, 
given the same thickness of approx. 1 atomic layer (0.8 nm), then we obtain that for the 12 
nm nanoparticles the relative volume occupied by the atoms on the surfaces of the shell is 
45 %, while for the 8 nm samples it is about 80 %.  
To examine if such an increase of the volume occupied by surface spins gives rise to 
EB in the 8 nm nanoparticles, the thermal evolution of the EB and coercivity after FC at 50 
kOe were studied, as shown in the inset to Figure A.7(d) for the hollow nanoparticles. HC at 
low temperatures is ~3500 Oe, which keeps practically constant up to 15 K and then starts 
to decrease at higher temperatures. On the other hand, HEB rapidly increases below 25 K, and 
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reaches the highest value of ~5000 Oe at 5 K. Similar results have been obtained for the 8 
nm core/shell nanoparticles. As the shell thickness in both cases is almost equal (~2 nm), 
the morphology of the crystallites inside the shell should not vary appreciably. However, 
these values of HEB are still smaller than those obtained for the 12 nm hollow nanoparticles 
(~7000 Oe at 5 K). This can be understood by considering the fact that the origin of the EB 
in hollow nanoparticle systems is also associated with the exchange coupling between the 
irreversible surface spins and the reversible central spins in the shell nanograins. As the 
particle size of the hollow nanoparticles decreases from 12 nm to 8 nm, the volume occupied 
by the central spins is significantly reduced, leading to the weakening of the exchange 
coupling. As a result, a smaller EB effect is obtained for the 8 nm hollow nanoparticles. This 
is fully consistent with the M-T data (Figure A.7) and analysis that suggest a low temperature 
SG-like behavior for the 8 nm hollow particles.  
 
  
Figure A.8: (a) Temperature dependent AC susceptibility of the 8 nm hollow nanoparticles. Fits of τ vs T using 
(b) the Vogel-Fulcher model and (c) the critical slowing down (double-logarithmic plot) models. 
 
To further elucidate this intriguing feature, we have performed AC susceptibility 
measurements for the 8 nm core/shell and hollow samples. The main results are presented 
in Figure A.8 and the fit parameters summarized in Table A.5. The evolution of χ’ and χ’’ is 
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similar to the one obtained for the 12 nm hollow nanoparticles: both χ’ and χ’’ displace 
towards higher temperatures with increasing frequency, but the amplitude only changes 
noticeably for χ’. The obtained values of Γ are of the same order of magnitude of SG-like 
systems. Again, fits to the Neel-Arrhenius model give unphysical parameters. However, the 
Vogel-Fulcher model yields a similar anisotropy barrier for both samples, and indicates that 
the intrinsic relaxation time is appreciably smaller for the hollow nanoparticles than for the 
core/shell nanoparticles. A similar result is also obtained from the critical power law 
analysis. It can be seen however that the value of the relaxation time is always smaller for 
the hollow nanoparticles, and that the critical exponent increases. This can be related to the 
absence of the core and the increased number of uncompensated spins, which gives rise to a 
more spin glass-like behavior in the case of the hollow nanoparticles. Similar τC and zν values 
have been reported in the case of spin glass systems37. A final note is that the relaxation time, 
determined from both the Vogel-Fulcher model and the critical exponent law, is much 
smaller for the 8 nm hollow nanoparticles than for the 12 nm nanoparticles. This once again 
suggests a more conventional glassy behavior for the 8 nm particles.  
 
Table A.5: Analysis of the relaxation times for all three samples, on the basis of the Vogel-Fulcher and power 
law descriptions of the spin dynamics for the 8 nm core/shell and hollow nanoparticles. 
 Γ τVF (s) E/kB (K) TVF (K) τC (s) zv Tg (K) 
C/S 0.043(4) 1.5(5) 10-10 230(20) 50(5) 6(1) 10-10 6.0(6) 59(6) 
H 0.016(2) 7(2) 10-13 200(20) 59(6) 1.6(5) 10-12 10(1) 64(6) 
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A.4 Summary 
We have found that for the 12 nm particles the mean blocking temperature decreases 
as the morphology changes from core/shell to hollow, while an opposite trend is observed 
for the 8 nm particles. The 12 nm core/shell particles behave like an ensemble of interacting 
nanoparticles, with a collective freezing of spins into a super spin glass-like state below 100 
K, mediated by dipolar inter-particle interactions. The shell becomes frozen below 30 K, 
resulting in the enhanced EB effect. As the morphology transforms into core/void/shell, the 
magnetization of the system decays, inter-particle interactions become weaker, and the 
effective anisotropy and hence the EB increases. The changes are more drastic when the 
nanoparticles become completely hollow. In the case of hollow nanoparticles, the 
morphology of the shell plays a crucial role in the low temperature magnetic behavior and 
EB. Below the freezing temperature of the shell, ∼30 K, the system behaves like a frustrated 
cluster glass. In addition, for these 12 nm hollow nanoparticles, the increased thickness of 
the shell allows an exchange coupling between outer irreversible spins and the 
ferrimagnetically ordered reversible spins in the inner layer of the shell, giving rise to an 
enhanced EB effect at low temperatures. Meanwhile, both the 8 nm core/shell and hollow 
particle systems exhibit a spin glasslike behavior at low temperatures. Our study provides 
deeper insights into the morphology, surface and finite-size effects in magnetic nanoparticle 
systems, knowledge of which is the key to manipulating novel magnetic nanostructures for 
biomedical and spintronics applications. 
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